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To be compatible with combustion engine and large-scale applications in 
smart grids, the energy density and the rate capability of LIBs and SIBs must 
be improved. This provides the motivation in this thesis for exploiting novel 
composite cathode or anode materials with high working voltage (potential 
difference between cathode and anode), high specific capacity, high rate 
capability, and especially stability and capacity retention when battery 
undergoes ultrafast charging process at high current densities. 
This thesis examines how nanostructured composites can be synthesized and 
used effectively in both the anode as well as cathodes of LIBs and SIBs, 
respectively. The first part of this thesis demonstrates new approaches in the 
synthesis of nanostructured composites of carbon and conversion-type metal 
oxides and lithium alloys. Besides aiming at improving the electrochemical 
profiles of these composites, the correlation between structures and 
electrochemical profiles are investigated by means of various in-situ or ex-situ 
probes. In the last part of the thesis, we develop durable olivine cathodes for 
application in SIBs through a facile synthesis method, in which the 
electrochemical mechanism is investigated by operando XANES and XRD.  
Chapter 1 introduces the background of this project, presents a survey of 
current literature relevant to this thesis, and outlines the motivation and scope 
of this thesis. Various carbon architectures are explored as hybrids for anode 
materials for LIBs, and the design principles and results are presented in 
IX 
 
Chapters 2 to 4. Chapter 2 investigates the different lithiation mechanism and 
SEI formation process in carbonaceous materials (graphite and graphene). 
Extending on this, Chapter 3 describes the activation of full-scale conversion 
reaction in reduced graphene oxide-wrapped MoO2 porous nanobelts 
(rGO/MoO2 NBs), where fast electron transfer mediated by the conductive 
graphene matrix, was observed. CNTs-encapsulated germanium nanorod 
(Ge@CNTs) composites synthesized through a one-spot growth and coating 
strategy, are presented in Chapter 4. Multi-probe studies (TEM, XRD and 
in-situ NMR) were applied on this Ge@CNTs model system during the 
lihitation / delihitaiton process to determine the morphology / phase evolution, 
origin of the high capacity arising from the system and the correlations 
between the unique structure and good electrochemical performance. 
In Chapter 5, the aqueous ion-exchange preparation of highly pure olivine 
NaFePO4 is described. The advantage of this aqueous-based synthetic method 
compared to traditional organic-based method, as manifested by its 
performance in SIB, was studied by a combination of experimental and 
theoretical probes to reveal the origin of the ultra-long stability of the aqueous 
ion-exchange NaFePO4. Operando XANES of Fe K-edge, accompanied by 
XRD studies, was used to monitor the asymmetric but highly reversible phasic 
evolution of the highly pure NaFePO4.  
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Chapter 1 Introduction and literature review  
The use of intermittent renewable energy sources like solar, wind, tidal power, 
geothermal energy, along with the electrification of transportation systems, 
demand the use of powerful electrical energy storage systems (EES), thus 
there is a strong need to research on material systems which can be used for 
EES.1-7 EES system should satisfy the following attributes: (1) portable power 
for electric vehicle (EVs); (2) Smart-grid stations which offer affordable, safe, 
stationary storage of electrical energy generated by a renewable, but variable 
energy source, such as solar and wind.1-3,6,8 Alkalis ion batteries (AIBs), i.e. 
lithium ion batteries (LIBs), sodium ion batteries (SIBs), have been considered 
as among the most promising approaches for tackling both challenges.2,3,9-12 
However, to be compatible with combustion engine and to be used in 
large-scale applications in smart grids, the energy density and the rate 
capability of AIBs must be improved to achieve the following targets: 1. 
acceptable driving range; 2. a shorter charging time for EVs; 3. fast response 
to the variability of the solar and wind sources; and 4. further reduction of 
cost.13 In this regard, the energy density and rate capability of commercial 
LIBs and research-based SIBs must be strengthened, which drives the search 
for composite cathode or anode materials with large working voltage 
(potential difference between cathode and anode), high specific capacity, high 
rate capability, and especially stability and capacity retention when battery 
undergoes an extreme charging process as indicated recently.2,14-17  
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In this thesis, a great part of the focus is on the anode side of LIBs, involving 
the synthesis of composites for high capacity anode materials. Apart from this, 
the development of sodium phosphates cathode materials of sodium ion 
batteries has also been investigated.   
In this chapter, the development of EES will be summarized, followed by the 
description of the operating principle of LIBs and SIBs, finally the issues and 
challenges facing current electrode materials (mainly about the anode 
materials in LIBs and cathode materials for SIBs) will be reviewed. 
1.1 Development of EES 
In 1800, Professor Volta demonstrated electricity using the “voltaic pile” 
experiments. Volta’s work quickly inspired the development of 
electrochemical cell in the following nineteenth century. These include several 
landmarks: invention of lead-acid battery in 1859; demonstration of 
zinc-manganese oxide battery in 1866; creation of nickel-cadmium and 
Ni-MH batteries in the late nineteenth century. All these conventional batteries 
are still widely used in modern life. However, in view of the imminent fossil 
oil crisis, advanced rechargeable batteries with higher energy / volume density 
are urgently needed.18 
A new breakthrough occurred when scientists introduced lithium metal in 
battery, which is the lightest metal, providing the highest theoretic capacity of 
3860 mAh g-1. However, safety concerns regarding the use of lithium metal as 
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anode seriously restrict its large-scale applications. Due to these safety issues, 
graphite electrodes were selected as an alternative anode for lithium-base 
batteries; in 1991, the first commercialized “Lithium-ion Battery” (LIBs) was 
introduced by Sony, where lithium cobalt oxide was used as the cathode, 
graphite as the anode and organic solvent dissolved with lithium salt as the 
electrolyte.  
1.2 Trends of modern EES 
 
Figure 1.1. Volumetric and gravimetric energy densities of the different 
battery technologies. (Reproduced with permission.9 Copyright, 2001, Nature 
publishing group.) 
Figure 1.1 shows the performance of typical batteries technologies with 
respect to specific volumetric and gravimetric energy densities.9 It is obvious 
that lithium-based batteries are distinguished by the combination of high 
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volumetric and gravimetric energy density, thus it enjoys the largest market 
share of various batteries devices. In fact, the development of EES devices is 
dictated by the needs for higher energy density, higher power density, higher 
safety and lower cost. Up to 2001, LIBs accounts for 63% of worldwide sales 
values in portable batteries;9 and in the past ten year, LIBs have been 
attracting the highest growth in the worldwide battery market. However, the 
low abundance of Li in the Earth’s crust and the increasing demand for LIBs 
market may drive the cost of LIBs up further in the future. In this context, 
room temperatures SIBs, with a closely similar electrochemistry as LIBs, have 
also attracted considerable attention recently, due to its unlimited abundance in 
the Earth crust and sea water and its uniform geographic distribution.19-24 
1.3 Operating principles of LIBs and SIBs 
The basic principle of LIBs and SIBs is the shuttling of ions from the cathode 
to anode upon charge and from the anode to cathode upon discharge, while 
electricity flows through the external circuit. At the interface of electrode and 
electrolyte, the carrier of electrical charge is coupled with a chemical reaction, 
i.e. redox reaction, including oxidation reaction at anodic side and reduction 
reaction at cathodic side. Based on this principle, the theoretical capacity of 
the active materials is determined by material’s propensity to accept lithium 




Figure 1.2. Illustrator of the operating principle of LIBs indicating the 
movement of lithium ions between cathode and anode materials and the 
simultaneous transport of electrons from current collectors, such as Al, Cu. 
(Reproduced with permission.26 Copyright, 2009, Royal Society of 
Chemistry.) 
Figure 1.2 demonstrates the typical operating principle of LIBs by using 
lithium cobalt oxide as cathode, graphite as anode and organic solvent 
dissolved with lithium salt as the electrolyte.26 The layered metal oxides and 
graphite provide interstitial sites receptive to intercalation / deintercalation of 
lithium ions. The intercalated lithium ions will be reduced by electrons from 
the current collector, generating the storage of lithium. Along with the 
intercalation / deintercalation of lithium ions, solid-electrolyte-Interface (SEI) 
(for cathode side, sometime it always is called as 
“cathode-electrolyte-interface (CEI)”) forms on the surface of electrodes and 
passivate the electrode surface from further solvent decomposition and 
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selectively allow the diffusion of lithium ions into the bulk electrode.26  
The working principle of SIBs is similar to that of LIBs, while the formation 
of passive layer will also been involved during the shutting process of sodium 
ions.  
In order to enhance the energy density of batteries, one can try to improve the 
overall capacity and output voltage of the whole cell. As the output voltage is 
largely determined by the difference between the working potentials of 
cathode and anode, the overall working voltage can be improved by either 
enhancing the potential of cathode or decreasing the potential of anode. 
However, there is limited room for further lowering the potential of anode side, 
thus major efforts are directed at improving the working potential / specific 
capacity of cathodes by tuning their stoichiometry, chemistry and crystal 
features. Another possibility is to augment the anode capacity sufficiently in 
order to enhance the number of active layers included within an individual 
battery. Alloying-type and conversion reaction-type anode materials have been 
considered as potential high-capacity anode materials for LIBs.26-28 However, 
before such anode materials can be implemented in practical applications, the 
large volume changes and poor electronic-mobility / conductivity should be 
addressed to improve the stability and rate capability of such kind of anodes.  
In the case of SIBs, similar strategies can be applied. However, due to the 
large size of sodium ions, which may induce excess volume change and 
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structural distortion, it is necessary to explore sodium storage frameworks that 
enable long-term stability.  
1.4 Anode materials of LIBs and intercalation cathode materials of SIBs 
Although many types of anode and cathode materials have been developed by 
scientists, the basic concept of LIBs remained similar. These electrode 
materials have been classified based on the mechanism how the host 
frameworks store the guest ions, i.e. Li ions for both cathode and anode. The 
range of specific capacity and potential range of current electrodes of LIBs is 
shown in Figure 1.3 (a). The cathode materials can be classified as follow: (1) 
intercalation cathode (Figure 1.3 (b)) ; such as metal chalcogenides, i.e. TiS2,  
 
Figure 1.3. Electrochemical profiles of electrodes for LIBs. (a) An 
approximation of common electrodes for LIBs; specific capacity and potential 
range of (b) intercalated cathodes, (c) conversion cathodes and (d) anodes 
including intercalated type, conversion reaction-type and alloy-type. 
(Reproduced with permission.29 Copyright, 2015, Elsevier.) 
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transition metal oxides, i.e. LiCoO2, LiNi1/3Mn1/3Fe1/3O2,30 Li2MoO3,31 
LiMn2O4,32 polyanion compounds, i.e. LiFePO4,33 LiCoPO4,34 Li2CoPO4F;35 
Li2MnSiO4,36 Li2FeSiO4;37 (2) conversion reaction cathode, which includes 
type A and type B (alloying reactions) as shown in Figure 1.3 (c). As for type 
A cathode, typical candidates are metal fluoride and chloride compounds, such 
as FeF3,38 CuCl2,39 which form metal nanoparticles at their deeply lithiated 
stages; Sulfur as well as Li2S,40 Selenium and tellurium, used as cathode, 
undergo an alloying reaction (type B) upon lithiation.  
 
Figure 1.4. Potential versus specific capacity for reported positive and 
negative electrode materials for SIBs. (Reproduced with permission.28 
Copyright, 2015, Nature publishing group.) 
Anode materials can be classified based on similar pedigree (Figure 1.3 (d)). 
(1) Intercalation anodes, such as graphite,41 Li4Ti5O12;42 (2) conversion 
reaction anodes, such as transition metal oxides, for instance, MoO3, Fe3O4, 
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CoO and SnO2;43-57 (3) alloying reaction, such as tin (Sn),58,59 germanium 
(Ge)60-66 and silicon (Si),67-71 etc.  
Sodium chemistry is quite similar with its lithium counterparts in terms of 
operating principles and the choice of electrode materials. As shown in Figure 
1.4, numerous cathode and anode materials have been identified for SIBs 
using LIBs as reference.19,20,72 Thus, SIBs electrodes can follow similar 
classification system as LIBs.  
As my thesis mainly concerns the study of anode materials for LIBs and 
cathode materials for SIBs, my literature review will be focused on these 
topics. Current anode materials for LIBs will be reviewed and compared based 
on classification of the reaction types. Approaches to address the capacity 
fading of alternative anode materials (alloying-type and conversion 
reaction-type) will also be discussed. Following, recent development of 
cathodes for SIBs will be reviewed to understand the similarity and 
differences of the ion storage mechanism in SIBs from that in LIBs.  
1.4.1 Anode materials for LIBs 
1.4.1.1 Carbonaceous anode materials for LIBs 
As mentioned above, although Li metal can deliver the highest capacity (up to 
3862 mAh g-1) among all known materials, it cannot be used as anode 
materials for LIBs owing to safety concerns. In fact, the majority of the anodes 
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used in current commercial LIBs are carbonaceous materials.9,29,41,73,74 
Enjoying the advantages of low cost and earth abundance, carbon-based 
materials provide an ideal host for lithium ions; and it shows high electrical 
conductivity, low operation potential near lithium metal and relatively small 
volume swing with lithiation, thus enabling a decent cycling life.  
Graphite is the first commercialized carbonaceous anode. It consists of sp2 
bonded graphene layers which are held together by van der Waals bonds.41 
Upon intercalation, Li+ occupied the positions between two graphene layers; 
and each lithium ion is associated with a hexagonal carbon rings, yielding the 
stoichiometry of LiC6, which translates to a theoretical capacity of 372 mAh 
g-1. Proceeding through a staging mechanism, lithium intercalated compounds 
with graphite can be classified as stage 4’, 3’, 2’, 2, or 1 GIC 
(graphite-intercalated-compounds) compounds, corresponding to LiC36, LiC27, 
LiC18, LiC12 and LiC6, respectively.75,76 
One drawback of graphite is its relatively low specific capacity limited to 372 
mAh g-1 (LiC6). Other nanostructured carbonaceous materials with higher 
surface were synthesized to increase the specific capacity of carbon-based 
anodes. Nanostructured carbon contains disordered components such as 
amorphous carbon, carbon et al, stacking faults as well as micro and macro 




Mesocarbon microbeads treated at low temperature present a large amount of 
cavities which can store excess amount of lithium ions.77 Lithium ions can 
also be stored at the interface of randomly arranged graphene sheets in 
disordered carbon. Different from intercalated graphite, lithium ions can 
occupy the second nearest hexagonal carbon rings on both sides of graphene 
sheets, delivering a doubled theoretical specific capacity of 744 mAh g-1 
(LiC3).78 In additional to lithium ions associated with interfaces, dislocations 
defined by the random stacking of graphene sheets may also provide extra 
lithium storage sites.79 The deposition of metallic lithium on the surface 
defects of graphene sheets may also occur;80,81 however this extra lithium ion 
storage capacity comes at the expense of a discharge curve showing hysteresis. 
Lithium ions can also bond with heteroatomic (H, B, P, et al) doped at the edge 
of graphene planes; however, a large energy barrier must be overcome before 
the formation of this bond, resulting in hysteresis in the discharge plot.82 
Following the discovery of mechanically exfoliated graphene by Geim and 
Novoselov in 2004,83 graphene has attracted intense interests as a high 
capacity alternative to graphite as anode material for LIB applications due to 
its high surface area and conductive properties.3,70,72,80,84-91 Based on the 
structure of graphene, a more complex lithium storage mechanism may be 
present. In fact, reduced graphene oxide (rGO) flakes obtained from the 
reduction of graphene oxide (GO) have been reported to exhibit reversible 
capacity in the range of 600-1000 mAh g-1, which is higher than the theoretical 
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value of graphite.92-95 The role of a large internal surface area, a high 
concentration of defects / vacancies and presence of heteroatoms (O, N et al) 
in rGO, may contribute to the excess capacity but the long term cycle stability 
and coulombic efficiencies of rGO poorer compared to graphite. Therefore it 
is necessary to shed light on origin of the excess lithium ions storage 
mechanism in carbonaceous materials. 
Solid electrolyte interphase 
One key issue relating to the high surface area and presence of disorder in 
nanostructured carbon material is the formation of solid electrolyte interphase 
(SEI) at low potential, a common problem in many anodes regardless of the 
chemical nature of the material, since it has its origin in the decomposition of 
electrolyte on the surface of the electrodes. The composition of SEI is 
complex and comprises organic and inorganic electrolyte decomposition 
products such as lithium carbonate (Li2CO3), lithium alkoxides or lithium 
fluoride (LiF), lithium oxide (Li2O), lithium hydroxide (LiOH) and other 
electrolyte salt reduction products on graphene surface.96-98 The surface 
chemistry of residual oxygen functional groups such as hydroxyl, epoxy and 
carboxylic moieties may also be involved in side reactions to form SEI during 
galvanostatic cycling.96 SEI may trap part of lithium ions in the anode material, 
becoming kinetically inaccessible, resulting in irreversible capacity loss (ICL) 
during the first few lithiation / delithiation cycles.99,100 In some carbonaceous 
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materials such as rGO with a high surface area, ICL is serious enough that it 
precludes practical application in batteries.  
1.4.1.2 Transition metal oxide anode materials for LIBs  
Various multivalent transition metal oxides (MxOy) containing redox centers 
have been studied as potential anode materials for LIBs mainly because of 
their theoretically higher capacity than current graphite anodes. The origin of 
the high capacity in these transition metal oxides is due to its ability to accept 
more than one electron and undergo the so-called “conversion reaction” to 
form transition metal nanograins and Li2O at full reduction.43-57 Upon 
delithiation, metal oxides can be reformed along with the consumption of Li2O, 
but broken into small fragments along with extensive structural deformation. It 
is also possible for some compound to undergo an “insertion reaction” by 
accommodating one Li+ per unit without affecting the structural integrity of 
the host framework.101 These two mechanisms can be summarized as follows: 
Insertion reaction:  
M୶O୷ + zLiା + zeି ↔ Li୸M୶O୷		(0 ≤ z ≤ 1)           (1.1) 
Conversion reaction:  
M୶O୷ + 2yLiା + 2yeି ↔ yLiଶO + xM                (1.2) 
Where M represents a transition metal with multivalence, such as Co, Mn, Fe, 
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Cu, Ni, Mo, et al.  
a) Transition metal oxides with insertion reaction 
Ti-based oxides have attracted attentions as anode materials for LIBs mainly 
due to their stability and low price.102-104 Particularly, Li4Ti5O12 spinel has 
been widely investigated and even commercialized in current LIBs. Li4Ti5O12 
can realize a theoretical capacity of 175 mAh g-1 by accommodating the 
insertion and extraction of lithium ions without generating volume stress. 
Li4Ti5O12 can also enable a good rate capability which is quite essential for 
current power LIBs for EVs. Despite these advantages, Li4Ti5O12 is 
disadvantaged by its high working potential and relatively low capacity.103 
Anatase TiO2 and TiO2-B have been reported to demonstrate promising 
performance through insertion reaction, realizing a high theoretical capacity 
up to 305 mAh g-1.102 Although bulk TiO2 polymorphs such as rutile and 
brookite are known to be inactive for LIBs, lithium ions inserted into rutile 
TiO2 can happen with a domain size reduction.105 This phenomenon indicated 
that the limitation of reaction kinetics may be overcome by building 
nano-architectures to improve ionic and electronic diffusion.105 
MoO2 and WO2, with a distorted rutile structure, can accommodate ~1 Li+ 
through insertion reaction to realize a capacity around 200 mAh g-1. Insertion 
of Li+ induced a phase transition from a monoclinic phase to an orthorhombic 
phase, resulting in poor cyclability. Although the conversion reaction in MoO2 
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has been theoretically predicted by calculations,106 it was only observed or 
partially observed at an elevated temperature or ultra-fine nanoparticles.51,107 
This inspired us to investigate the activation of complete conversion reaction 
in these metal oxides to achieve higher specific capacity. 
b) Transition metal oxides with conversion reaction 
Among these oxides, MO with rock salt structure (M = Mn, Fe, Co, Ni or 
Cu),43,46,108-114 M3O4 with spinel structure (M = Co, Fe or Mn),45,115-122 M2O3 
with corundum structure (M= Fe, Cr or Mn),123-129 and MO2 (M = Mn, Mo or 
Ru) have been well studied as anode materials for LIBs, operating at relatively 
high rates to deliver theoretical capacities from 500-1300 mAh g-1.49,107,130-132 
The typical charge / discharge profiles of current transition metal oxides as 
anodes are summarized in Figure 1.5. As shown in Figure 1.5, these transition 
metal oxides exhibit a high capacity of 600-1200 mAh g-1 with an average 
lithiation potential of 0.5-1.5 V and delithiation potential of 1.8-2.0 V vs. 
Li/Li+. Despite the high performance, there is a large potential hysteresis 
between lithiation and delithiation, which may lead to a decrease of the energy 
density of the batteries. Moreover, some other complex oxides with binary 
metals (AB2O4, A / B = Mn, Fe, Co, Ni, Cu et al; A ≠ B) have been 
investigated to show analogous electrochemical properties to those of spinel 
metal oxides aforementioned;133-138 the crystalline structures transform into 
nanocrystalline metal oxides at the very initial discharge stage, following by 
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further reduction into the metallic states. Upon delithiation, unitary metal 
oxides (MxOy) are formed. In subsequent cycles, the electrochemical profiles 
tend to be similar with the unitary metal oxides (MxOy).27  
 
Figure 1.5. Charge and discharge plots for (a) MO with M=Co, Ni, Fe, and Cu 
at C/5 (Adapted with permission.112 Copyright, 2002, The Electrochemical 
Society.); (b) Co3O4 nano spheres at 0.05 C (Reproduced with permission.116 
Copyright, 2012, Elsevier.); (c) Sponge-like Mn3O4 at 0.25 C (Reproduced 
with permission.121 Copyright, 2011, American Chemical Society.); (d) 
a-Fe2O3 nanoflakes at 65 mA g-1 (Reproduced with permission.123 Copyright, 
2007, Wiley.); (e) Nanosized RuO2 at 0.27 mA cm-2 (Reproduced with 
permission.49 Copyright, 2003, Wiley.) 
c) Key issues and challenges facing in transition metal oxide anodes 
According to the conversion reaction and structure deformation in transition 
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metal oxides upon lithiation / delithiation, several key issues have attracted 
tremendous interests from the research community. 
c.1) The origin of the extra capacity  
Reversible capacities higher than the theoretical ones, ranging from 950-1300 
mAh g-1, have been commonly observed on nanomaterials of metal oxides. 
Reversible formation / decomposition of the organic polymeric layer has been 
proposed as extra lithium ion reservoir although more evidence has to be 
collected to support this.139 Along with the development of “defect-chemistry”, 
a “job sharing” mechanism has been proposed for the interfacial storage of 
lithium ions and charges along the grain boundaries formed between metal 
nanoparticles and Li2O matrix.106 This mechanism further proposed similar 
interfacial ion storage at the interface of SEI passive layers and electrode 
surface.106,140 Recently, based on a multi-faceted investigation, which includes 
Nuclear Magnetic Resonance (NMR) and Pair Distribution Function (PDF) 
analyses, Grey et al provided new insights into the extra capacity observed in 
metal oxide (for instance, RuO2). The extra storage capacity is ascribed to the 
presence of –OH groups absorbed on the surface of metal oxides; this is 
because LiOH can be formed upon discharge, which will be transformed to 
Li2O and LiH at potential below ~0.8 V to accommodate extra lithium ion 
storage. However, the extra capacity decreases quickly upon cycling.27 Further 
research will be necessary to address these issues more clearly; in the next 
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section, we will review current strategies which have been developed to 
improve the reaction dynamics and reversibility. 
c.2) Activation of multi-electron conversion reaction in some metal oxides 
with slow dynamics 
 
Figure 1.6. (a) and (b) Thermal activation of conversion reaction in MoO2 
powder: (a) charge / discharge profiles and (b) cyclability of MoO2 electrodes 
after thermal activation at 120 oC (Reproduced with permission.107 Copyright, 
2009, The Electrochemical Society); (c) and (d) slowly activation of 
conversion reaction in MoO2 ultrafine nanorods: (c) charge / discharge profiles 
and (d) ex-situ XRD studies of MoO2 ultrafine nanorods. (Reproduced with 
permission.51 Copyright, 2012, American Chemical Society.) 
Based on the theory of electromotive force (emf), Maier et al predicted a set of 
metal oxides that undergoes conversion reaction upon lithiation.106 Although 
metal oxides with the emf values in the range of 1-3 V are expected to achieve 
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high lithium ion storage through conversion reaction, the reaction dynamics 
are largely limited by electron or mass transport.106 For instance, MoO2 has a 
similar emf value (1.669 V) as CoO (1.802 V).106 While the conversion 
reaction easily occurs in CoO based electrodes, the specific capacity of bulk 
MoO2 is limited with only one-electron transfer reaction above 1 V vs. 
Li/Li+.107,131,141 This should be due to the strong metal-oxygen bond strength 
(678 kJ mol-1 compared to 368 kJ mol-1 of CoO) and slow electron mobility in 
bulk MoO2. 
Microsized MoO2 has been investigated to only show a reversible capacity 
around 310 mAh g-1 in the potential range of 0.1-3 V due to insertion reactions. 
Interestingly, the four-electron conversion reaction can be activated by a 
so-called “thermo-electrochemical activation” process (TEA) with first 
lithaition / delithiation process proceeding at 120 oC (Figure 1.6 (a),(b)).107 At 
elevated temperature, the Mo-O bond may be cleaved easily. 
Inspired by this, various MoO2 nanomaterials, in the form of mespororous 
structure (initial capacity of 630 mAh g-1),142 nanorods (830 mAh g-1),51 
nanoparticles (370 mAh g-1- 640 mAh g-1)143,144, have been synthesized and 
investigated to show a much higher conversion reaction activity. A weaker 
Mo-O bond strength in nanosized MoO2 can be used to explain the enhanced 
conversion reaction activity in these materials. Based on ex-situ XRD study, at 
the initial stage, only a small portion of MoO2 can be involved in the 
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conversion reaction due to poor kinetics (Figure 1.6 (c),(d)). Along with the 
cycling, the partially involved conversion reaction further increases the ion 
diffusion and weakens the Mo-O band, resulting in a higher proportion of 
nanosized MoO2 in the conversion reaction (Figure 1.6 (d)). In these studies, 
another key strategy to address the sluggish electron kinetics in MoO2 at room 
temperature is adding conductive matrix or buffer carriers like carbon,144,145 
carbon nanotubes146 and graphene.53,70,100,147-149 In addition to the enhancement 
of electronic conductivity, these carbon additives also accommodate the 
structural deformation stress arising from the conversion reaction, which will 
be discussed later.  
1.4.1.3 Alloy anode materials for LIBs (type B) 
 
Figure 1.7. (a) Typical crystalline structure and (b) volumetric and gravimetric 
specific capacity of alloy-type anodes (Reproduced with permission.101 
Copyright, 2010, Royal Society of Chemistry.). 
Various alloys including group Ⅳ (Si, Ge, Sn, etc) and group Ⅴ (P, Sb, etc) 
elements have been reported to be active for lithium alloying. Among these 
alloys, the group Ⅳ elements, Si, Ge and Sn have attracted tremendous 
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interests owing to the formation of the high capacity Li-rich binary alloys. The 
crystal structures of these elements are shown in Figure 1.7 along with their 
theoretical gravimetric and volumetric capacities.101,150-152 Based on current 
understanding,153-156 the reaction mechanism can be explained as follow: 
During lithiation: 
 M(crystalline) + xLiା + xeି → Li୶M(amorphous) + (3.75 −
−x)Liା+(3.75 − x)eି → 0.25	LiଵହMସ(crystalline)                 (1.3)                  
During delithiation: 
LiଵହMସ(crystalline)M(amorphous) + yLiା+	yeି	LiଵହMସ(nonreacted)(1.4)  
Where M reprensts the group Ⅳ elements. 
Upon initial lithiation, the crystalline structure is transformed to amorphous 
Li-M alloys, which suddenly crystallizes to the crystalline phase (Li15M4) near 
the end of lithiation. Upon delithiation, the crystalline phase will gradually 
become amorphous with some crystalline phase domains embedded inside. 
These non-reacted crystalline domains have been reported to result in a large 
irreversible capacity in the initial cycle, which may be associated with the loss 
of electrical contact caused by a severe volume change upon lithiation / 
delithiaiton. During subsequent cycles, such amorphous to crystalline reaction 
(1.3) and (1.4) as shown are repeated with serious reversible capacity fading. 
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1.4.1.4 Probing the origin of the fading performance in high capacity 
LIBs anodes 
 
Figure 1.8. Cracking and fracture of large-capacity LIBs anode (a) particles 
and (b) electrodes; and (c) fracture-induced continuous growth of SEI layer 
(Reproduced with permission.157 Copyright, 2016, Nature publishing group). 
The ability to offer very high capacity suggests that the conversion-reaction 
type and alloy-type anodes may undergo significantly different reaction 
mechanisms from those of carbonaceous anodes, and are hampered by 
structural issues such as chemical bond breaking / reforming; drastic volume 
change and cracking of active particles (Figure 1.8 (a)); fractures at electrode 
and battery level (Figure 1.8 (b)); restricted ionic and electronic diffusion 
paths (Figure 1.8 (c)) etc. In-situ / ex-situ X-ray powder diffraction (XRD), 
Transmission Electron Microscopy (TEM), Transmission X-ray Microscopy 
(TXM) and in-situ NMR,97,153,158-165 have been carried out on these material to 
reveal the failure mechanism in those anodes. Schematic showing these 
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techniques have been summarized in Figure 1.9. The findings can be 
summarized as follows (Figure 1.10): upon the lithiation process, along with a 
large volume expansion, crystalline-amorphous-crystalline phasic evolution 
can be observed in Si, Ge and Sn anodes (Figure 1.10 (b)); lithiation-induced 
stress will induce an incomplete crystalline-to-amorphous transformation 
during the initial cycle (Figure 1.10 (a),(c)). Upon full lithiation, cracks or 
fractures can be clearly observed in those micro-sizes particles / thin films of 
 
Figure 1.9. Several in-situ probes to monitor morphological and phasic 
evolution of alloy-type anodes. (a) Three different set-ups of in-situ 
Transmission electron microscopy (TEM): Piezo-positioner based in-situ 
holder by using (1) ion liquid electrolyte (ILE) and (2) slight Li2O on lithium 
metal as electrolyte (Reproduced with permission.166 Copyright, 2011, Royal 
Society of Chemistry.); (3) in-situ liquid battery chips to demo a real battery 
behavior (Reproduced with permission.167 Copyright, 2013, American 
Chemical Society.). (b) In-situ transmission X-ray microscopy (TXM) 
(Reproduced with permission.159 Copyright, 2014, Wiley.). (c) In-situ Nuclear 




Figure 1.10. In-situ TEM observations of (a) Si NWs and (b) Ge NWs during 
the initial lithiation to demonstrate the crystalline to amorphous phasic 
evolution and large volume expansion (Adapted with permission.168,169 
Copyright, 2011, American Chemical Society.); in-situ TEM observation of (c) 
the generation of cracks upon the lithiation of Si NPs; (d) in-situ TEM study of 
Ge NPs during cycles (Reproduced with permission.161 Copyright, 2013, 
American Chemical Society.) 
Si, and Sn alloys (Figure 1.8 (a)) which should be associated with the 
anisotropy of the lithiation strain, causing non-uniform stress in the hoop 
direction near the fracture plane (indicated by the pink dashed line in Figure 
1.10 (c)). Severe cracks of microsized Ge particles are commonly observed in 
practical battery, this is despite the fact that in-situ TEM study has shown that 
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at the microscopic level, micron sized Ge particles are robust upon lithiation 
by experiencing uniform hoop tension in the surface layer without the 
localized high stress (Figure 1.10 (d)).  However, a large volume expansion / 
contraction is inevitably observed during the lithiation / delithiation process, 
which causes a loss of electrical contact of alloy active materials from 
conductive agent or current collectors, resulting in drastic capacity fading 
(Figure 1.8 (b)). Moreover, the repeated expansion / contraction of active 
particles may induce significant changes of the electrolyte / electrode interface, 
leading to the continuous growth of SEI passive layer on the surface (Figure 
1.8 (c)).157 Such unstable surface passivation may bring about low coulombic 
efficiency and sluggish transport of lithium ions in large-capacity anodes.68,170  
1.4.1.5 Strategies in improving lithium storage in anode materials 
High coulombic efficiency and long lifespan are the two prerequisites for 
anode materials in energy storage stations and EVs. However, because of the 
large volume change and severe aggregation / pulverization of active particles 
upon lithiation / delithiation in alloy-type and conversion reaction-type metal 
oxide anodes, low coulombic efficiency and poor cyclability are the norms 
rather than exceptions. In this regard, several strategies have been proposed to 
address the large volume change stress in the implementation of both 





Figure 1.11. General strategies to address the fading performance of 
large-capacity anodes. (a) Dimension reduction of active materials; (b) 
morphology control of active materials; (c) composite design and preparation; 
(d) coating and encapsulating of active materials by active / inactive matrixes 
(Reproduced with permission.29 Copyright, 2015, Elsevier.). 
Particle-level fracture can be mitigated by either downsizing the active 
particles below the critical breaking size (Figure 1.11 (a)) or using various 
nanostructures, such as order porous structures, nanowires, nanospheres, 
nanotubes, nanorods, etc (Figure 1.11 (b)). Precise dimensional and 
morphology control can also provide faster ionic and electronic transport, 
which is essential for ultra-fast electrochemistry in LIBs. Formation of active 
materials with conductive matrixes, such as amorphous carbon, carbon 
nanotube, graphene, can simultaneously provide mechanical and electronic 
support (Figure 1.11 (c)). Moreover, well-control encapsulation of active 
materials within conductive media can further protect the active materials 
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from the side reaction of electrolytes, maintaining a stable SEI on the surface 
of the composites during cycling (Figure 1.11 (d)).   
a) Downsizing bulk or micro materials below the critical breaking size 
Downsizing the materials into nanosize can effectively reduce the lattice stress 
associated with volume change and improve the electrochemical reactivity. 
Huang et al and Tony et al have studied the lithiation behavior and 
size-dependent crack generation of Si NPs and Ge NPs by means of in-situ 
TEM and in-situ TXM respectively,158,166 indicating better toughness and 
higher reaction activity of particles with smaller size. In practical battery, 
Liang et al compared the electrochemical behavior of bulk microcrystalline Si 
power with nano-sized Si powder, indicating a smaller volume variation in the 
nanoparticles.171 Other studies also observed similar trends.172,173 However, the 
much higher surface area of nanoparticles results in a larger quantity of SEI to 
be formed on the electrode surface, leading to a large irreversible capacity.101 
b) Morphology control 
Other than nanoparticles, several electrode architectures have also been 
proposed to accommodate lattice strains associated with volume change, 
improve the structural stability and provide fast electronic and ionic transport. 
Ge inverse opal with porous walls has been demonstrated by Paik et al to 
exhibit a much enhanced electrochemical performance.174 Cho et al has 
compared the performance of porous Ge with 0D and 3D self-assembled 
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hollow structures, indicating the critical role of 3D structure in buffering 
volume change stress.175 Analogous porous architectures are also proposed for 
 
Figure 1.12. One-dimensional architectures of alloy-type and conversion 
reaction-type anode materials (nanowires: NWs; nanotubers: NTs). (a) (1) 
SEM,(2) TEM images and (3) charge / discharge profiles of doped porous Si 
NWs at 400 mA g-1 (Adapted with permission.176 Copyright, 2012, American 
Chemical Society.); (b) (1) SEM images and (2) charge / discharge profiles of 
Ge NWs (Adapted with permission.65 Copyright, 2013, American Chemical 
Society.); (c) (1) SEM images and (2) cyclability of porous Co3O4 NWs 
(Adapted with permission.177 Copyright, 2012, Elsevier.); (d) (1)SEM, (2) 
TEM images and (3) cyclability of α-Fe2O3 NTs (Adapted with permission.178 
Copyright, 2011, Royal Society of Chemistry.).  
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conversion reaction metal oxides to improve the performance, such as 
mesoporous MoO2 and porous CuO.142,146 Rather than porous structure, other 
nanostructures such as nanowires,117,179-181 nanotubes,182-185 nanorods186-188 and 
hollow spheres are employed to enhance the performance of 
conversion-reaction metal oxides and alloy anodes.189,190 For instance, porous 
doped Si nanowires can preserve a high capacity around 1000 mAh g-1 at 1C 
up to 2000 cycles (Figure 1.12 (a)).176 Ge nanowire arrays can also 
demonstrate a long cycling lifespan of 1000 cycles (Figure 1.12 (b)).65 Co3O4 
hollow nanospheres and nanowires can realize a high specific capacity of 910 
mAh g-1 and 755 mAh g-1, respectively, as well as good capacity retention 
around 80% after 50 cycles (Figure 1.12 (c)).177,190 Fe2O3 poly-crystalline 
nanotubes with diameters of 50-200 nm synthesized through a one-step 
template-engaged precipitation of Fe(OH)x exhibited a high specific capacity 
of 1000 mAh g-1 at 0.5C rate with impressive capacity of 500 mAh g-1 after 50 
cycles at 2C rate (Figure 1.12 (d)).178  
Materials cast into the form of thin film electrodes have been investigated for 
a long time to target high specific capacity and long-term stability.44,191-197 
Fultz et al has prepared Ge thin film electrodes with a thickness around 250 
nm through physical vapor deposition, and compared their electrochemical 
properties with Ge nanocrystals.197 Ge nanofilms exhibited a stable capacity 
up to 1700 mAh g-1 over 50 cycles while Ge nano-crystals delivered only 800 
mAh g-1 after 50 cycles. It has been reported that the electrochemical 
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properties of thin film electrodes largely depend on the thickness of the film, 
as well as other attributes such as roughness, components, deposition methods 
and post-deposition treatment.198 Nickel-foam-supported reticular CoO-Li2O 
film has been proposed by Xie et al to exhibit a discharge capacity of 877 
mAh g-1 after 100 cycles, wherein the performance of the thin film electrodes 
can be tuned by optimizing the ratio of Li / Co.44 
c) Composite formation with active / inactive matrixes 
Introduction of matrices into active materials to form multiphase composites 
has been widely proposed to buffer the large volume change strains of alloy 
and conversion oxides upon lithiation / delithiation. The matrices can also 
suppress the aggregation of active nanoparticles during long-term 
galvanostatic cycles. Moreover, the precise encapsulation of active materials 
can effectively protect them from electrolyte, maintaining a stable SEI layer 
upon cycling. Various matrices have been proposed, which can be classified as 
active matrix, mixture of active / inactive matrix and inactive matrix. The 
active matrix and active materials can be lithiated and delithiated 
simultaneously, but may realize different working potential. The pioneer work 
of Lee et al demonstrated a Sb-Sn intermetallic compound through an in-situ 
growth approach.58 As the lithiation potential of Sn is lower than that of Sb, Sn 
can act as a matrix to buffer the volume change stress generating from the 
lithiation of Sb forming Li3Sb; the Li3Sb component can then act as buffer 
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matrix during the consequent lithiation of Sn. Such stepwise lithiation can 
thereby improve the mechanical stability and consequently cyclability of the 
anode materials.199,200 The recent in-situ TEM investigation by Choi et al and 
Dayeh et al reported that the lithiation / delithiation behavior of Ge and Si can 
be tuned by constructing Ge / Si core / shell structures, demonstrating a new 
possible combination of active materials / active matrices.201,202  
Although carbonaceous materials possess specific Li-capacity, the capacity is 
now considered too low for application in high energy density LIBs. In this 
regard, one effective strategy is the combination of active material / 
carbonaceous matrices composites in which the highly dispersed alloy / metal 
oxides particles can improve the total capacity efficiently while the highly 
stretchable carbon matrix can accommodate the lattice stress in alloy / metal 
oxides particles and provide effective ionic and electronic 
transport.60,62,67,203-206 Various carbonaceous materials, such as graphite, 
amorphous carbon, mesoporous carbon and graphitic carbon (carbon 
nanotubes, carbon nanofibers and graphene flakes) have been demonstrated to 
stabilize and improve the electrochemical profiles of alloy-type and 
conversion reaction-type anode materials.53,59,60,68,69,110,111,120,179,207-209 By 
engineering Ge / carbon nanocomposite, Maier et al achieved a high capacity 
up to 1000 mAh g-1 at 150 mA g-1 up to 50 cycles.62 Fe3O4 spindle / carbon 
composites were synthesized by Wan et al; it exhibits a highly reversible 
capacity ~745 mAh g-1 at 0.2C rate and good cycle stability. Such an improved 
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electrochemical profile should be attributed to the synergetic effect between 
the nanostructure and carbon matrix.120 Electrochemical inactive compounds, 
such as ceramics (SiC, TiN, TiB2 and TiC),210-212 oxides (Al2O3 and 
Li2O)44,213-215 and metals (Fe, Cu and Ni)216-218 have been investigated to 
improve the adhesion of anode particles with carbon matrix, leading to 
enhanced mechanical integrity and electronic conductivity of electrodes. 
Through a facile ball-milling, Si nanoparticles were distributed uniformly in 
the inactive TiN and carbon matrix.211 Each single particle in the composites 
itself represented a nanocomposite of Si and TiN; with the concentration of 
containing 33.3 mol% Si, the composites milled for 12 h exhibited a high 
capacity (~300 mAh g-1 or ~1100 Ah L-1) with a good stability. A carbon 
wrapped Si-Cu3Si-Cu has been prepared by a combination of precipitation and 
pyrolysis processes. Rather than providing a good adhesion to the silicon and 
carbon matrix, Cu3Si also acted as a high electrical conductivity additive.217 
Optimized ratio of Li2O was added into conversion reaction-type anodes, such 
as CoO, to prohibit CoO particle growth during synthesis and as a structural 
buffer to accommodate the volume change and pulverization stress.217 
d) Coating and encapsulation by conductive matrixes 
Although the dispersion of alloy-type or conversion reaction-type metal oxides 
anodes into carbon matrix can effectively improve the stability and capacity of 
the composite anodes, such physical mixture may inevitably expose the active 
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surface of anode particles to be direct contact with electrolytes, leading to the 
unstable growth of SEI on the surface during the expansion / contraction or 
pulverization of active materials.  
 
Figure 1.13. Composites of carbon and alloy-type anodes. (a) (1),(2) TEM 
images and (3) cycling performance of Sn-Sb NWs wrapped by carbon sheath 
(Adapted with permission.58 Copyright, 2006, Wiley.); (b) (1) SEM, (2) TEM 
images and (3) cyclability of Ge NWs sheathed with carbon (Adapted with 
permission.209 Copyright, 2011, Royal Society of Chemistry.); (c) (1) SEM, (2) 
TEM images of Ge NWs wrapped with few-layer graphene (Ge NWs@Gr) 
and their (3) cyclability and (4) rate capability; (5) TEM image of Ge NWs @ 
Gr after cycles (Adapted with permission.61 Copyright, 2015, Wiley.). 
To stabilize the SEI passive layer growth, the active materials can be 
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encapsulated in a carbon shell structures such as carbon fiber, carbon nanotube 
and graphene wrapping flakes et al.45,61,62,64,68,150,175,209,219-224 Bimetallic 
Tin-Antimony nanorods en-sheathed in CNT through a high temperature 
in-situ growth process were prepared by Lee et al (Figure 1.13 (a)).58 When 
tested as anode for LIBs, these CNT-encapsulated Sn-Sb nanorods exhibited 
very high specific capacities of 900 mAh g-1 and good cycling performance up 
to 80 cycles at 0.2 C; moreover, the coulombic efficiency of the composite 
quickly increased to be 100% at the second cycles. Cho et al wrapped a thin 
layer amorphous carbon sheath around the Ge NWs through a post-growth 
CVD method (Figure 1.13 (b).209 In-situ formation of Ge NWs in the 
amorphous carbon sheath can preserve the integrity of the composite, thus 
realizing excellent electrochemical properties, including a large reversible 
capacity, high coulombic efficiency and stable cycle performance. The same 
group then enabled the growth of few layers graphene around the Ge NWs by 
using Ge NWs as catalyst (Figure 1.13 (c)). Although the graphene sheath was 
unzipped upon cycling, the resultant flakes can provide a pathway for the 
transport of ions and electrons (Figure 1.13 (c)-(5)).61 Introduction of graphene 
into alloy-type and conversion-type anode materials have attracted tremendous 
attentions.45,47,53,70,99,110,132,221,225,226 This is because graphene flakes possesses 
a good combination of mechanical flexibility and electronic conductivity, 
which is very essential for the anode materials undergoing large volume 
change stress during cycling.227-229 Mixture of Si and Ge nanoparticles and 
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graphene flakes exhibited obviously enhanced electrochemical profiles.225,228 
To achieve an even more stable composite structure, crumpled graphene 
wrapping on the active materials has been proposed by Huang et al to provide 
extra space to accommodate the volume change stress.70 Longer stability as 
well as higher coulombic efficiency can be observed from the crumpled 
graphene / Si composite rather than that of bare Si nanoparticles. Similar 
structures with pre-embedded voids can be obtained by post-etching 
methods.68,229,230 Highly conformal graphene cage with a built-in void space 
can maintain electrical connectivity of fractured particles and attain the high 
coulombic efficiency simultaneously.70  
Besides successful applications in alloy-type anodes, various graphene-based 
approaches have been proposed to improve the electrochemical performance 
of conversion reaction-type metal oxides.45,53,110,132,224,231 Mullen et al 
synthesized a rGO -wrapped metal oxides composite by tuning the surface 
charge of each precursor. A highly reversible capacity around 1000 mAh g-1 
can be achieved after 30 cycles based on Co3O4@rGO composites (Figure 
1.14 (a)).224 Self-Assembled hierarchical MoO2 / Graphene nano-architectures 
was reported with well-dispersed MoO2 nanoparticles wrapped in tightly 
assembled graphene flakes.53 The composite exhibited lithium storage 
capacity up to 550 mAh g-1 after 70 cycles at the current density of 1000mA 
g-1, demonstrating a partial activation of conversion reaction (Figure 1.14 (b)). 
Interestingly, it has been reported that the oxygen bridges may be formed 
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between graphene and metal oxides during the preparation process, such as 
NiO,232 Fe3O4;233 the C-metal-O bond can tunnel the dissociate energy 
between metal and oxygen atom, producing a synergistic effect to improve the 
lithium storage of conversion reaction-type anode (Figure 1.14 (c)).  
 
Figure 1.14. Graphene wrapped metal oxides (MD@rGO). (a): (1) Fabricating 
scheme, (2) SEM image and (3) charge / discharge profiles of graphene 
wrapped Co3O4 (Co3O4@rGO) at current density of 74 mA g-1 (Adapted with 
permission.224 Copyright, 2010, Wiley.); (b): (1) SEM, (2) TEM images and (3) 
charge / discharge profiles of Hierarchical MoO2 / Graphene 
Nanoarchitectures (MoO2@rGO) at 1000 mA g-1 (Adapted with permission.53 
Copyright, 2011, American Chemical Society.); (c): (1) SEM image, (2) O1s 
XPS spectrum and (3) charge / discharge profiles of NiO Nanosheets and 
Graphene composites. (c)-(2) indicates a strong C-O-Ni to bridge the NiO 
sheets and graphene flakes (Adapted with permission.232 Copyright, 2012, 
American Chemical Society.). 
e) Other approaches, such as binder selection and surface modification 
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The surface environment of the alloy-type and conversion reaction-type 
materials also plays an important role on their electrochemical 
performance.97,145 Using NMR and PDF techniques, Grey et al probed out the 
evolution of the surface absorbed -OH during the discharge / charge process of 
RuO2 nanoparticles. The surface functional groups have been proposed to be 
associated with extra capacity obtained in the conversion-reaction type metal 
oxides.97  
The other critical point for the performance of anode materials is the choice of 
binder, which can relieve fracture stress at the whole electrode-level.124,234-236 
As possible alternatives to commercialized polyvinylidene fluoride (PVDF) 
binder, lithium ployacrylate, carboxymethyl cellulose (CMC) binders and 
alginate have been prepared and evaluated in LIBs. Dahn et al found that the 
Fe2O3 electrodes using CMC binder exhibited a capacity of 800 mAh g-1 even 
after 100 cycles, while the electrodes using PVDF showed a capacity of 
around 400mAh g-1 after similar cycling life.124 Later lithium polyacrylate 
binder has been proposed by the same group. Based on this binder, the 
Sn-Co-C negative electrodes realized a superior performance than the 
electrodes using either CMC or PVDF binder.235 Recently, the use of a 
self-healing and conductive polymer has given a higher performance alloy 
anode.234 Despite the improved performance, some issues still need to be 
solved to make these alternative binders compatible with current LIBs.  
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1.4.2 Intercalation Cathode materials SIBs 
By using transition metal oxides and polyanion components as the solid host 
networks, intercalation cathode materials can accommodate and release Na+ 
from the host frameworks reversibly and assume various valence states at the 
same time.  
1.4.2.1 Sodium metal oxides 
Inspired by the success of layered transition metal oxides in LIBs, the Na 
analogues represented by NaMO2 (M = transition metals), have been 
investigated as cathode materials for SIBs.21,237,238 Sodium electrochemistry of 
layered NaxCoO2, in the form of O3- and P2-type, has been studied by Delmas 
et al with the P2-type realizing a higher electrochemical activity.239,240 Earlier 
works demonstrated that layered NaCrO2 and NaNiO2 showed almost inactive 
sodium electrochemistry.241,242 However, NaCrO2 and NaNiO2 were 
re-investigated to deliver a specific capacity of ~ 120 mAh g-1 with ~0.5 Na 
was activated.243,244 With different sodium concentrations, NaxMnO2 possesses 
several phases in the range of 0<x<1, such as O3-type NaMnO2, P2-type 
Na0.6-0.7MnO2 and monoclinic α- and β-NaMnO2,237,245-248 all these material 
show decent reversible capacity which fades quickly. This should be 
associated with the transformation of layered NaMnO2 to inactive spinel 
NaMnO2 phase.245 Partial substitution of Mn with Fe, Ni and/or Co has been 
reported to improve the structural stability of NaMnO2 during cycling. As a 
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result, P2-NaxFe0.5Mn0.5O2,249 O3-Na1-xNi0.5Mn0.5O2,250 P2-Na1/3Co2/3 
-Mn1/3O2,251 P2-Na2/3Ni1/3Mn2/3O2,252,253 O3-NaNi1/3Mn1/3Co1/3O2,254 P2-Na0.45 
-Ni0.22Co0.11Mn0.66O2,255 P2-Na0.67Ni0.15Co0.2Mn0.65O2 and P2-Na2/3(Mn1/2 
-Fe1/4Co1/4)O2 have been investigated separately as cathode to exhibit 
capacities in the range of 100-150 mAh g-1.256-258 It is worthy to mention that 
all the above layered materials are in the form of solid solution except 
P2-Na0.67Fe0.5Mn0.5O2. Li-substituted layered P2-Na1.0Li0.2Ni0.25Mn0.75 has 
been proposed to exhibit a specific capacity up to 100 mAh g-1 at 15 mA g-1, a 
good rate capability and cyclability.259 Although P2-layered Na2/3Ni1/3Mn2/3O2 
are stable in moist air, the P2-O2 phase transition arising from an framed 
oxygen shift in P2-Na+2/3[Ni2+1/3Mn4+2/3]O2-2 occurred when charged to 4.22 
V.260 Some inactive- redox metal substitutions, such as Ti4+,261 Zn2+ and 
Mg2+,260,262 have been proposed to suppress the phase transformation.  
Tunnel type Na0.44MnO2, which was used to synthesize single crystal LiMn2O4 
through ion-exchange, has recently attracted significant attention by showing a 
specific capacity up to 130 mAh g-1 and impressive cyclability in sodium half 
cell.263-265 However, the low sodium content in Na0.44MnO2 was reported to 
limit its utility in full SIBs.21 
Different from the well understood electrochemistry of multi-metal layered 
cathode materials in LIBs, the introduction of other metal substitutions leads 
to a complex multi-metal layered cathode materials in sodium 
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electrochemistry. This should be attributed to the larger ionic radius of sodium 
ion compared to lithium ion, which affects the layer structure upon alternated 
assembly.72 The larger ionic radius strongly affects the structural stability of 
SIBs and distinguishes the sodiation / desodiation dynamics from lithium 
electrochemistry. 
1.4.2.2 Sodium polyanion compounds 
Similar to LIBs, extensive efforts have been focused on the polyanions, such 
as phosphates and pyrophosphates as cathode materials for SIBs, because of 
their high thermal safety, structural stability and high operating 
potential.23,266-269 These merits should be attributed to the strong inductive 
effect producing from the large anion groups with high electronic negativity. 
a) Iron-based phosphates 
Iron-based phosphates have attracted the earliest attention because of the 
abundant and eco-friendly properties of Fe, which is highly complementary to 
sodium chemistry in the context of energy storage.270 Yamada et al, Nazar et al, 
Chio et al and Kang et al have investigated the sodium electrochemistry of 
iron-based phosphate independently, such as Na2FeP2O7,271 Na2FePO4F,272 
Na4Fe3(PO4)2(P2O7)273 and NaFePO4.270 Among reported iron-based 
phosphates, olivine NaFePO4 possesses the highest theoretical capacity (154 
mAh g-1) because of its light framework.270,274 Huge success of olivine 




Figure 1.15. Iron-based polyanion compounds. (a): (1) Structures of (i) 
maricite NaFePO4, (ii) olivine LiFePO4, and (iii) olivine NaFePO4; (2) charge 
/ discharge profile of as-prepared olivine NaFePO4 and Na0.7FePO4 in PITT 
mode (Adapted with permission.275 Copyright, 2010, American Chemical 
Society.); (b): (1) Structure and (2) charge / discharge profile of Na2FeP2O7 
compound at C/20 (Adapted with permission.267 Copyright, 2012, Elsevier.); 
(c): (1) Structure and (2) charge / discahrge profile of Na4Fe3(PO4)2(P2O7) 
under a C/40 rate (Adapted with permission.273 Copyright, 2012, American 
Chemical Society.). 
However, olivine NaFePO4 is not the thermodynamically stable phase and 
cannot be obtained using traditional solid-state synthesis, whereas the 
thermodynamically favored maricite phase has a close framework which 
disallows Na ion diffusion.276,277 Using an ion exchange method, olivine phase 
NaFePO4 was typically synthesized via organic-based electrochemical 
insertion of sodium ions into chemical or electrochemical delithaited FePO4 
(Figure 1.15 (a)).275,278-282 The strong interaction of P-O bonds can preserve 
the olivine framework of LiFePO4 intact during ion-exchange.281 Based on this 
method, previously reported olivine NaFePO4 only has a capacity less than 
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100-120 mAh g-1 (theoretical value 154 mAh g-1), which degrades after 100 
cycles.283 In this regard, more work has to be conducted with this material in 
order to develop a high capacity olivine Na-based cathode material with 
decent cycle stability. It is interesting to mention that the charge / discharge 
behavior of NaFePO4 is asymmetric, which is manifested by a two-plateau 
charging plot.275,284 It was inferred that the desodiation process of NaFePO4 
involved the sequential transition between a solid-solid reaction and a biphasic 
reaction, through an intermediate Na2/3FePO4 phase at 2.95 V (vs. Na/Na+). 
Casas-Cabanas et al found the simultaneous existence of three phases: FePO4, 
Na2/3FePO4, and NaFePO4 during sodiation.279,280 It is worthy to mention that 
hollow amorphous NaFePO4 nanospheres was reported to exhibit promising 
electrochemical performance.285 Hollow amorphous NaFePO4 showed a high 
reversible capacity around 150 mAh g-1 at 0.1 C rate as well as a good stability 
and rate capability, which should be attributed to the significantly improved 
ionic and electronic transport arising from its unique hollow and amorphous 
features.285 It has also been reported that olivine NaMn1−xMxPO4 (M = Fe, Ca, 
Mg) can be topochemically synthesized from NH4Mn1−xMxPO4·H2O but 
exhibited limited performance.286 A sloping discharge profile was observed in 
NaMn0.5Fe0.5PO4, due to the slow sodium kinetics of Mn-containing phosphate. 
Using (SO4)2- as anions, Na2Fe2(SO4)3 has recently been reported to 
demonstrate promising performance with a capacity of ~100 mAh g-1 at C/20 
rate and an discharge potential up to 3.8V.23  
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Pyrophosphates and mixture of polyanions have also been explored as new 
host materials for SIBs. P1-triclinic pyrophosphate Na2FeP2O7 has been first 
reported and characterized by Yamada et al and Choi et al, respectively.271,287 
Large tunnels for sodium migration can be offered by such structures. With an 
average operating potential of 3 V, Na2FeP2O7 exhibited a reversible capacity 
around 80 mAh g-1 at C/20 and good cycle stability (Figure 1.15 (b)). With 
Fe3+ / Fe4+ as the redox center, Na4Fe3(PO4)2(P2O7) has been explored as a 
promising cathode with framework composed of a 3D network of [Fe3P2O13]∞ 
infinite layers connected along the a-axis by P2O7 groups. The presence of 
large tunnels provided by such diphosphate connections allows the composite 
to deliver a discharge capacity up to 110 mAh g-1 at C/20 rate and a very high 
voltage exceeding 4 V (Figure 1.15 (c)).273 Pyrophosphates with similar 
structures but based on other redox centers (Co, Ni, Mg, Mn, et al) have also 
been reported to exhibit limited sodium electrochemical activity, such as 
Na2CoP2O7,288 Na4M3(PO4)2P2O7.289 
b) NASICON-type Na3M2(XO4)3 
NASICON-type Na super-ionic conductor, formulated as Na3M2(XO4)3 (M = 
V, Fe, Ti, Nb and etc; X= P, S and etc), can be used as cathode materials for 
SIBs by enabling fast sodium diffusion pathway associated with their 3D open 
framework.290-293 The rhombohedral NASICON form of Na3V2(PO4)3 




Figure 1.16. Characterization of NASICON-type Na3V2(PO4)3 as cathode for 
SIBs. (a) Structure, (b) high potential and (c) low potential charge / discharge 
profiles of Na3V2(PO4)3 (Adapted with permission.294 Copyright, 2012, 
Elsevier); (d) Cycling performance in different electrolytes, (e) in-situ XRD 
study and (f) biphsic evolution of Na3V2(PO4)3 (Adapted with permission.295 
Copyright, 2013, Wiley.). 
Leflem et al and Yamaki et al, respectively.21,294 The 3D open framework in 
Na3V2(PO4)3 is created by [V2(PO4)3]∞ ribbons connected by tetrahedrally 
bonded PO4 anions. The sodium ions occupy the M1 (octahedral sites) and M2 
(tetrahedral sites) sites of the interstitial sites, where M1 and M2 sites are 
situated between two adjacent [V2(PO4)3] units in the same [V2(PO4)3]∞ ribbon 
and between adjacent [V2(PO4)3]∞ ribbons, respectively (Figure 1.16 (a)).294,295 
During the charge / discharge process, two flat potential plateaus can be 
observed at 3.4 V and 1.6 V, which can deliver reversible sodium capacities of 
~90 mAh g-1 and ~75 mAh g-1, respectively (Figure 1.16 (b),(c)). The distinct 
plateaus should be attributed to the redox couples of V2+/3+ and V3+/4+, 
respectively.296 This phenomena inspired the recent development of symmetric 
sodium ion battery by using Na3V2(PO4)3 as both cathode and anode by 
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Yamaki et al.297 Such symmetric cell exhibited an average working voltage 
around 1.6 V, but suffered from poor reversibility and quick capacity fading, 
which should be attributed to poor electronic conductivity and irreversible 
reactions at the interface of electrode and electrolyte. Recently, carbon-coated 
Na3V2(PO4)3 was found to show promising performance in the terms of 
capacity, rate capability and cyclability.298-300 The electrolyte components were 
further optimized to suppress side reaction at the interface of electrode and 
electrolyte. As claimed by the authors, the first cycle efficiency can be 
improved to as high as 98.7% with a high reversible capacity up to 107 mAh 
g-1 at C/10 rate and an good cyclability (Figure 1.16 (d)).295 The structural 
evolution of Na3V2(PO4)3 was investigated by mean of in-situ XRD, indicating 
a biphasic reaction between Na3V2(PO4)3 and NaV2(PO4)3 (V3+/V4+) (Figure 
1.16 (e),(f)). Other NASICON-type compounds using earth-abundant and 
non-toxic redox centers, such as Fe3+/Fe2+, Ni4+/Ni3+ and Mn4+/Mn3+, have also 
been investigated as potential cathode materials for SIBs. However, those 
compounds only exhibited very limited sodium electrochemical activity.20,21 
An exception was observed in NASICON-type Na3Ti2(PO4)3, which exhibited 
a similar double redox transition (Ti4+/Ti3+ and Ti3+/Ti2+) with Na3V2(PO4)3 
and realized two potential plateaus at 2.15 V and 0.5 V, respectively.301  
1.5 Opportunities in LIBs and SIBs 
LIBs are now becoming the preferred power sources for emerging applications, 
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such as next generation mobile devices, electric vehicles and large scale 
energy storage systems integrating with renewable alternative sources (wind, 
solar and tide). In order to fulfill the critical requirements of these applications, 
intense research efforts have been made to further increase the energy density 
of LIBs in the past decades, in which the development of high performance 
anode materials with the properties of high capacity, high rate capability and 
stability are the target. Metal oxides and lithium alloys which can be potential 
substitutes for commercialized graphite anode have attracted considerable 
attentions because of their high capacities. Based on the lithium-storage 
mechanism, metal oxides can be classified as either intercalation or conversion 
reaction-type. Metal oxides which can undergo conversion reaction can exhibit 
several times higher capacity than conventional materials undergoing only 
insertion reaction (< 400 mAh g-1). In this regard, activation of conversion 
reaction in some metal oxides, in which the conversion reaction is 
theoretically possible but limited by electronic and ionic transport, may 
provide a new approach for making high capacity anodes for LIBs.  
The main challenge for practical implementation of conversion reaction-type 
and lithium alloy anodes is their poor cyclability, low initial columbic 
efficiency and limited rate capability, which should be mainly attributed to the 
large volume changes arising from the lithiation / delithiation process. Various 
strategies have been pursued to address these issues, including (a) dimension 
reduction of bulk or micro materials into nano architectural materials or thin 
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films, (b) distribution of active materials into active / inactive matrix, (c) 
surface modifications including coating or encapsulation by some active / 
inactive components, etc. As electrochemical reaction is rate-limited by 
electronic and ionic transport, one ideal approach may be interfacing the nano 
structural active materials with a conductive matrix which can act as a charge 
sink as well as mechanical buffer. Well-crystalline carbon matrix, such as 
graphene flakes or carbon nanotubes, have shown a good combination of 
framework rigidity and good electronic conductivity. However, the 
inhomogeneity of these carbon coatings restricts capacity retention and rate 
capability of the system. It is necessary to develop a facile approach which can 
provide a uniform wrapping / coating of crystalline carbon outside the active 
materials. Once carbon matrices are introduced in the anodes, the 
electrochemical process, especially surface reaction of the composites will be 
modified by the matrices. In this regard, the electrochemical process of the 
carbon matrixes should be addressed first. Besides this, the correlation 
between the structure of carbon / active materials architectures and their 
electrochemical properties should be unveiled to provide further clues for 
electrode design. 
The rising demand for LIBs contributes to the diminishing supply of lithium in 
the earth’s crust. As a potential backup for LIBs, research on SIBs should not 
be neglected. Owing to the larger radius size of sodium compared to lithium, 
cathode materials of SIBs always suffer from limited long-term stability. 
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Because of the abundant and eco-friendly properties of Fe, olivine NaFePO4 
has been considered as a good cathode material for Na. However, the 
as-synthesized NaFePO4 suffer from the low capacity and quick capacity 
fading. Detailed understanding of process may provide us a new opportunity 
to further improve the electrochemical performance of NaFePO4. 
1.6 Objective and scope 
The main objective of this thesis research is developing new electrode 
materials with large capacity, suitable working potential and decent cycle 
stability. These model materials which exhibit superior electrochemical profile 
provide a good opportunity for studying the essential correlation between the 
structure and electrochemical behavior, which is important for future design of 
electrode materials.  
In this regard, the work presented in this thesis includes two parts: 
(1) Building carbon architectures on large-capacity anode materials for 
higher energy LIBs and their mechanistic studies 
In chapter 2, the electrochemical processes involved during galvanostatic 
cycling in pristine rGO and graphite anodes were studied using 
non-destructive analytical tools such as Raman and NMR (either in-situ or 
ex-situ). The lithiation mechanism and surface passive layer (SEI) formation 
process of rGO and graphite electrodes was carefully investigated. Meanwhile 
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a quantitative method was proposed to determine the amount of irreversible 
Li+ associated with SEI formation. 
Next, we synthesized and characterized rGO-wrapped MoO2 porous nanobelts 
(rGO/MoO2 NBs) in Chapter 3. Multi-electrons conversion reaction (i.e. full 
reduction to metallic Mo) can be achieved in the rGO-wrapped MoO2 NBs, 
leading to unprecedentedly high reversible capacity. Electron microscopy was 
used to investigate the morphology and phase evolution of the composite upon 
conversion reaction, demonstrating a unique effect of combination of porous 
metal oxide nano architectures and rGO scaffords. 
CNTs encapsulated germanium-lithium alloy nanrods (Ge@CNTs) composites 
were synthesized through a one-pot growth and coating strategy as presented 
in Chapter 4. The unique structure of the CNT scaffold maintains good 
electrical contact and mechanically protects the Ge NRs from drastic volume 
swing throughout the lithiation / delithiation process. Multi-probe studies 
(TEM, XRD and in-situ NMR) were applied on this Ge@CNTs model system 
during the lihitation / delihitaiton process to determine the morphology / phase 
evolution, origin of the high capacity arising from the system and correlation 
between the unique structure and good electrochemical performance. 
(2) Primary study of sodium phosphates as cathode of SIBs.  
In Chapter 5, a highly pure olivine NaFePO4 was prepared by a simple 
aqueous ion-exchange process and it exhibits a high reversible capacity of 142 
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mAh g-1 (0.1C) as well as impressive cycle stability (6000 cycles at 10C). 
Theoretical study revealed that the origin of the high purity should be 
associated with the different Na+/Li+ migration / desolvation process in 
aqueous / organic electrolytes. Operando XANES of Fe K-edge, accompanied 
by XRD studies, was used to monitor the asymmetric but highly reversible 
phasic evolution of the highly pure NaFePO4, where a special 
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A different lithiation / delithiation behaviour may be operational in graphene 
as compared to graphite. Some experimental and theoretical studies reported 
that single-layer graphene (SLG) may be able to absorb lithium ions on both 
sides, thus theoretically doubling the adsorption capacity of lithium as 
compared to graphite by forming Li-GICs. Furthermore, SLG realizes much 
shorter lithium diffusion distance rather than 3-D packing graphite due to its 
open 2-D surfaces.41,95,302-308 However it has been reported that the amount of 
lithium adsorbed on SLG seemed to be substantially reduced due to repulsion 
forces between Li+ on both sides of the graphene layer.306 First principle study 
of Li adsorption on graphene by Lee et al. confirmed that Li capacities on the 
surface of defect-free SLG and FLG (few-layer-graphene) are significantly 
inferior to that of the bulk graphite.309 In this regard, comparing the lithiation 
mechanism between the two materials will be necessary to shed light on this 
issue. For practical battery applications, the solution-processable form of 
graphene, rather than the ideal fully aromatic graphene, is needed. Reduced 
graphene oxide (rGO) flakes obtained from the reduction of graphene oxide 
(GO) have been reported to exhibit reversible capacity in the range of 
600-1000 mAh g-1, which is higher than the theoretical value of graphite.92-95 
However the surface chemistry of residual oxygen functional groups such as 
hydroxyl, epoxy and carboxylic moieties in rGO may dominate the 
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interactions with Li+ in addition to the usual intercalation chemistry.96 These 
functional groups may also be involved in side reactions to form the solid 
electrolyte interphase (SEI) during galvanostatic cycling. SEI can block the 
electron transport while allowing Li+ to pass through. It therefore ensures good 
cycling stability of anode.98 On the other hand, the continual growth of this 
passive layer may lead to gradual reduction of capacity and energy efficiency 
since part of lithium might be trapped in the anode material, becomes 
kinetically inaccessible, resulting in irreversible capacity loss (ICL) during the 
first few lithiation / delithiation cycles.99,100 ICL is particularly serious when 
rGO is used as anode materials.45,147,224-226,231,310-312 The tendency to form SEI 
layer is in direct correlation with the BET specific surface area in some 
cases.313-315 Overall, rGO anode endowed with high surface area allows 
enhanced Li+ storage capacity but it also suffers from higher irreversible 
capacity loss. This double-edge sword has encouraged research efforts in 
re-active or redeuce Li “traps” in graphene defective sites. 96,316 
Herein, we studied and compared the initial lithiation behavior of rGO and 
graphite by in-situ Raman spectroscopy. In addition, we investigated the 
electrochemical process of rGO by in-situ time-resolved NMR probe. The 7Li 
resonances due to the nano / micro structured Li-metal fibers oriented 
perpendicular to the flat Li-metal surface, as well as the SEI passive layer, 
were clearly identified and monitored. Furthermore, the static evolution of SEI 
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in the charged-storage state has also been determined and correlated with the 
increase of the open-circuit potential.  
2.2 Experimental Methodology 
2.2.1 Preparation of rGO 
GO was prepared according to the modified method reported by Hummers (J. 
Am. Chem. Soc. 1958, 80, 1339). Reduced graphene oxide (rGO) was obtained 
by subjecting the as-prepared GO powder to annealing at H2 environment at 
600 ºC at ramp rate of 60oC min-1 for 30 minutes. 
2.2.2 Materials and Electrochemical Characterizations 
Materials characterizations: Scanning electron microscopy (SEM) analysis 
was performed on JEOL-6701F SEM. Raman spectra were collectted on 
Raman microscopy (Witech Alpha 300R, 532nm wavelength). FTIR of rGO 
and GO were performed in the reflection mode by using an OPUS/IR PS15 
spectrometer (Bruker). The nitrogen adsorption–desorption isotherm 
experiment was conducted on Micromeritics ASAP 2020 V3.05 H. The 
specimens studied were coated freshly on highly ordered pyrolytic graphite 
(HOPG) substrates by spin coating. STM images were recorded in the constant 
current mode at RT after annealing the samples at specified temperature. In 
situ Raman spectra of the rGO / Graphite sample are recorded with 532 nm 
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excitation by using an ECC-opto cell. The ECC-opto test cell is dedicated to 
the inspection of electrodes by Raman spectroscopy working in the reflection 
mode. Basically, the respective instrument looks through a transparent 
window onto the backside of the working electrode. For this purpose the 
working electrode is to be supported on a hard cooper foil having a single 
small hole (around 1mm diameter) in its center. The thick slurry made from 
rGO/Graphite, PVDF binder was then carefully coating on the cooper foil to 
fully cover the hole in the center. Upon drying, the rGO/Graphite electrode 
assembled in the ECC-opto cell is initially discharged at a low current density 
of 100 mA g-1. 
Electrochemical measurement: The electrochemical tests were performed 
using coin type 2016 half cell with lithium metal (Kyokuto Metal Co.,Ltd) as 
the counter and reference electrode and polypropylene film as a separator. The 
rGO electrodes were fabricated by mixing 70 wt% active materials, 10 wt% 
super p carbon black and 20 wt% PVDF binders in appropriate amount of 
NMP (N-methyl-2-pyrrolidinone, Sigma-Aldrich) as solvent. After stirring for 
8 hours, the resulting paste was spread on a copper foil by Automatic Film 
Coater with Vacuum Pump & Micrometer Doctor Blade (MTI). After 
evaporation of NMP solvent in a vacuum oven at 120 °C for 12 h, the 
electrodes were pressed and cut into disks. The mass for each disk is around 1 
mg cm-2. Cells were assembled in argon-filled glove box (MBraun, Germany, 
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O2 < 1ppm, H2O < 1ppm). Cyclic voltammetry studies were carried on an 
IVIUMnSTAT multichannel electrochemical ananlyser. The charge-discharge 
and cycling measurements were carried out using the Battery Test Stations 
(BitrodeCorp. St. Louis Mo USA. Model: MCV 16-0.5/0.01-5) at room 
temperature about 23°C. Three-electrode cell (El-cell, Germany) was used for 
in-situ Raman study of rGO by using lithium metal as reference electrode. 
2.2.3 NMR experimental design 
The working electrodes were coated on copper foil with thickness of 50μm. 
The area density of rGO composite is little larger than the electrodes using in 
the coin cell study (around 1.5mg cm-2). Celgard 2500 separator (thickness of 
25 μm) was made into the shape of a bag to hold the working electrode inside 
to isolate the Li metal electrode (thickness of 750μm) and the working 
electrode. The battery cell was inserted into a specially designed in-situ NMR 
battery capsule case made of Kel-F, also named as PCTFE 
(PolyChloroTriFluoroEthylene) that can hold a planar battery with a tight seal 
of the battery components to prevent the exposure of the battery to air. The 
in-situ battery holder was then inserted in a copper coil to provide excitation 
magnetic field. The planar battery components were arranged such that the 
metal surface (both copper and Li-metal foil) is perpendicular to the external 
main magnetic field, B0, and the direction of the excitation magnetic field, B1, 
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is parallel to both the copper and the Li-metal surface. A copper wire with 
diameter of 0.1 mm was linked to the copper foil of the working electrode via 
three needle holes at one end of the copper foil to create a good and secure 
electrical connection. A second wire of the same diameter was imbedded into 
the Li-metal electrode. Both wires were guided to the outside of the battery for 
charging and discharging of the in-situ NMR battery via a CH600D instrument 
(Chronopotentiometry). The contents of the electrolytes were EC (Ethylene 
carbonate), DMC (dimethyl carbonate), DEC (diethyl carbonate) with volume 
ratios of 4:2:4, and 1 M LiFP6. The in-situ battery was assembled in an 
argon-filled glove box by pre-drying the electrode components at 60 °C under 
vacuum in glove box chamber for 12 hours before assembling. 
2.3 Results and discussion 
2.3.1 Synthesis and characterization of rGO flakes  
The GO used was synthesized using modified Hummer’s method,317 followed 
by thermal reduction to produce rGO. Figure 2.1 (a) shows the exfoliated and 
crumpled morphology of the rGO. Surface area enhancement of rGO led by 
this porous morphology is confirmed by physisorption analysis (Figure 2.1 
(b)), in which the BET surface area of rGO is determined to be 212 m2 g-1. The 
thermal annealing of GO at high temperature (600 oC) created various defects 




Figure 2.1. (a) SEM image of rGO; (b) BET analysis of rGO; (c) STM image 
of rGO; (d) FTIR spectra of rGO and GO flakes. 
morphology was provided by scanning tunneling microscopy (STM) image as 
shown in Figure 2.1 (c). Formation of voids and cavities on graphene sheets 
due to gasification of carbon atoms causes the surface to become porous. 
Fourier Transmission Infra-red (FTIR) spectrum of rGO in Figure 2.1 (d) 
exhibits a characteristic sp3-hybridized C-H peak at 2939 cm−1 and a sp2 peak 
at 2919 cm−1, it can be seen that the C=C component has increased after 
annealing, which indicates a partial recovery of the conjugation in the rGO 
sheets. Although the peak intensities of the oxygenated functionalities (C=O, 
C-OH and C-O) in rGO decreased, they did not vanish completely. These 
results are consistent with the C1s and O1s XPS spectra of rGO as shown in 





















































formation of SEI passive layer.96  
 
Figure 2.2. (a) C1s and (b) O1s XPS spectra of rGO. 
2.3.2 Different lithiation behavior between rGO and Graphite studied 
by Cyclic Voltammetry and in-situ Raman spectroscopy.  
Figure 2.3 (a) shows the first galvanostatic discharge curves for graphite and 
rGO electrodes, which correspond to the typical shape for graphitic and 
disordered carbon, respectively. The first discharge capacity for graphite 
electrode is 320 mAh g-1 (Figure 2.3 (a)) which agrees well with the typical 
values reported in the literature.75 Generally, the potential range at 2 V > E > 
~0.8 V (vs. Li/Li+) should be attributed to the decomposition of electrolyte on 
the external graphite surfaces, which leads to the initial formation of SEI.318-320 
At potentials from ~0.8 V to ~0.2 V, the main reaction is attributed to the 
intercalation of solvated Li ions into graphite layers. During this range, the 
SEI can continuously formed on the external graphite surface that and 
solvent-free lithium ions can intercalate into the graphite bulk. At voltage 
range ~0.2 to ~0.005 V vs. Li/Li+, the main reaction is the reversible formation 
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of the binary Li-GICs.75 These phenomena can be observed in graphite 
electrodes where the intercalation of Li ions starts at 0.2 V. According to this, a 
plateau is observed in the discharge curve of graphite in Figure 2.3 (a). By 
realizing a remarkably high discharge capacity, that is, 2355mAh g-1, the 
discharge curve of rGO is different from the archetypical shape of graphite 
curve (Figure 2.3 (a)). At ~0.8 V, solvent decomposition and SEI formation 
commences on rGO. No distinct potential plateau is observed for rGO 
electrode when it is further discharged to lower voltage. This indicates that the 
Li+ insertion mechanism in rGO should be different from the typical GIC 
staging phenomenon in graphite electrode. We believe that the lithium ions 
diffuse into the internal surface of rGO sheets and reside within the 
nanocavities with the concurrent occurrence of solvent decomposition at the 
edges of rGO sheets throughout the discharging process, resulting in huge 
polarization discharge curve.  
 
Figure 2.3. (a) Initial discharge profiles at current density 100 mAg-1; (b) 




The lithiation / delithiation behaviour for rGO and graphite can be further 
investigated by cyclic voltammetry (CV). First CV scan corresponding to the 
initial lithiation / delithiation in rGO and graphite is shown in Figure 2.3 (b). 
The onset cathodic peaks located at ~0.8 V were commonly observed in both 
electrodes, which is attributed to the solvent decomposition and SEI film 
formation on the electrode surface.100 Well-defined redox peaks whereby the 
intercalation peak is observed below ~0.2 V vs. Li/Li+ and the de-intercalation 
peaks are observed at 0.25 and 0.29 V in the CV plot of graphite electrode. 
This indicates that Li+ could reversibly intercalate / deintercalate into / out the 
graphic layers of graphite electrode. On the other hand, there is no 
well-defined oxidation peaks observed in the CV of rGO electrode; the voltage 
hysteresis during oxidation CV scan of rGO should be attributed to the 
interaction between lithium atoms and nanopores in rGO flakes when 
extraction of lithium ions resident in the nano-cavities through the way of 
graphene crystalline.75,100 Apparently, the broad CV curve of rGO suggests 
that most of Li storage in rGO may be due to capacitive behavior, which can 
be ascribed to faradic capacitance on the surface or on the edge sites of 
graphene nanosheets.100,321  
Electrochemical lithiation usually proceeds at the interface between the 
electrode and the electrolyte solution. Laser Raman spectroscopy used to 
examine surface phenomena within its optical skin depth (within 100 nm), is 
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very helpful to investigate the stage structure of a GIC, especially, at a 
particular part of the GIC surface which strongly affects the position, shape, 
and intensity of the E2g2 band at 1582 cm-1.322,323  
Simultaneous in-situ Raman spectroscopic and electrochemical measurements 
were conducted to investigate the structural and electronic properties of 
graphite and rGO upon lithiaiton / delithiation. The G-bond located around 
1600 cm-1 should be assigned to the in-plane bond-stretching motion of pairs 
of C sp2 atoms (the first order scattering of the E2g photons). As 
electrochemical donor of graphite, intercalation of Li ions guest into 
carbonaceous host strongly affects the position, shape and intensity of the 
G-band at ~1582 cm-1.324 Overall, the Raman spectra in Figure 2.4 (a)-(b) 
reveal that the intensities of G-band for both graphite and rGO electrodes 
decrease gradually and become unresolved at the end of the discharging 
process. The decrease in Raman intensity is ascribed to the loss of resonance 
due to Li+ intercalant while the broadened peak is likely due to the disorder 
and inhomogeneity induced by the lithiaiton, which may be related to the 
different phases of GIC stage.306,325 Notably, the G-band positions of graphite 
electrode (Figure 2.4 (a)) gradually up-shift from 1578 to 1587 cm-1 upon 
intercalation of Lithium ions. This upshift indicates doping effect as Li+ 
intercalants donate electrons to the carbon host (graphite). At voltage below 
0.2 V vs. Li/Li+, G-band disappears in graphite electrode, which is attributed to 
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the high electrical conductivity of stage-1 GIC which leads to a reduction in 
optical skin depth and Raman scattering intensity.326 This result further implies 
the Li+ intercalation mechanism of graphite is processed through the formation 
of stage-1 Li-GIC (LiC6). On the contrary, G-band intensity of rGO electrode 
decreases and ultimately vanishes at a relatively higher voltage (0.3 V vs. 
Li/Li+) than that of graphite electrode (Figure 2.4 (b)). It is unlikely that staged 
GIC compounds can form at such high voltage due to the amorphous nature of 
rGO. One explanation for the fast disappearance of the G band in rGO could 
be due to the facile interaction of Li+ and its solvated species with the 
oxygenated group on rGO surface. These Li ions randomly accommodate the 
monolithic defective sites and fully cover the rGO surface at relatively higher 
voltage, thus causing the early disappearance of G-band relative to graphite.  
 
Figure 2.4. In-situ Raman spectra of the first discharge of (a) graphite (b) rGO 
with current density of 100mA g-1. 
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The stages of GIC formation in the electrode can be evidenced by distinct 7Li 
NMR peaks.304 Discharging electrodes to 0.005 V allow Li ions to be fully 
inserted to form LiC6 and this can be fingerprinted by a peak appearing around 
42-45 ppm.327,328 Consistent with the aforementioned Raman results, a 
resonance at 42 ppm  is observed in the 7Li NMR spectra of fully lithiated 
graphite electrode (Figure 2.5 (a)), according to the formation of LiC6 in 
graphite. On the other hand, the 7Li NMR spectra of rGO electrode (Figure 2.5 
(b)) only show one sharp resonance at 1.8 ppm associated with diamagnetic Li 
environment. A shoulder peak (indicated by arrow in the inset) at around 2.8 
ppm is assignable to Li2O peak. This low frequency chemical shift suggests 
that Li2O is dominant in the SEI layer,328 which suggests that Li storage on 
rGO occurs via surface adsorption instead of a series of staged Li-GIC 
compounds occurred in graphite.  
 
Figure 2.5. Ex-situ 7Li NMR spectra of fully discharged (a) graphite and (b) 
rGO at a spin rate of 8000 rpm. Isotropic resonances are labeled and the 
spinning side bands are denoted with *. LiCl (1M) in distilled water was used 
as an external chemical shift reference at 0 ppm. 
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Although rGO can realize a much-improved capacity compared to graphite 
through a surface adsorption mechanism, the presence of large concentration 
of functional groups in the defects of rGO flakes results in a larger amount of 
irreversible Li ion trapping associated with electrolyte decomposition, 
contributing to a higher ICL in its initial cycles. The detailed study of SEI 
passive layer and ICL in rGO conducted using in-situ 7NMR in the following 
sections. 
2.3.3 In-situ NMR study of dynamic and static evolution of SEI passive 
layer on rGO flakes 
The in-situ 7Li NMR experiments were performed using a Varian-Agilent 
300 MHz NMR spectrometer, corresponding to 7Li Larmor frequencies of 
116.57 MHz.  A home made in-situ 7Li NMR probe with a 5-turn solenoid RF 
coil (ID of 12 mm), where the excitation magnetic field (B1) was 
perpendicular to the main magnetic field (B0), was used for the 
measurement.329  1 M LiCl in H2O was used as the reference (0 ppm). A 
discharge / charge current of 0.15mA (according to the current density of 
100mA g-1) was used for the in-situ 7Li NMR in order to optimize resolution 
and collection time. A series of 678 spectra were acquired consecutively over 
nearly three full discharge / charge cycles with each spectrum acquired using 
an accumulation number of 512, a recycle delay time of 1 s and a FID length 
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of 30 ms, resulting in 8.74 min for acquiring each spectrum. The results are 
summarized in Figures 2.6, 2.7 and 2.8. The color mapped stack plots of the 
spectra corresponding to the 0 ppm and the 242 ppm peak-centered regions 
along with the charge and discharge cycles are shown in Figure 2.6 (a), (b) and 
(c), respectively. Seven in-situ 7Li NMR spectra corresponding to specific 
potential stages (i.e., OCV, the end of the discharge, the end of charge, etc) are 
plotted in Figure 2.7, where the deconvoluted peaks are superimposed on each 
spectrum. For the upfield peaks that cover a chemical shift range from -100 to 
100 ppm, a broad peak centered at about -3 ppm and a few sharp peaks at 
about 0 ppm are used to generate a good fit (Figure 2.7 (a)). The narrow peaks  
 
Figure 2.6. (a) Charge and discharge plot of rGO electrode in the range of 
0.005-3V vs. Li/Li+; Colour-mapped in-situ 7Li NMR spectra of rGO during 





Figure 2.7. Stacked in-situ 7Li NMR spectra of the rGO composite obtained 
during the galvanostatic charge / discharge cycles in the range of (a) 
-150-150ppm and (b) 200-300ppm. 
near 0 ppm are from the electrolytes while a broad peak centered at about -3 
ppm is attributed to a combination of (i) lithium intercalation in the rGO 
lattice, and (ii) lithium adsorbed on the rGO via interactions with surface 
functional groups such as –OH, -H, -COOH, -C=O, etc.97,165,330 In the 
chemical shift range from 300 to 200 ppm, three peaks located at about 244, 
250 and 265 ppm are used to fit the Li-metal electrode signal (Figure 2.7 (b)). 
Since the Li-metal electrode surface of the battery was oriented perpendicular 
to the direction of the magnetic field, the peaks located at about 244 and 250 
ppm are from the skin layer (10 μm) of the flat Li-metal battery surface while 




Figure 2.8. In-situ 7Li NMR Peak area evolution of (a) -3ppm board and (b) 
265 ppm during charge / discharge cycles. 
fibers that are oriented perpendicular to the flat Li-metal surface.331,332 The 
change of peak area of -3ppm board and 265 ppm as a function of the 
discharge-charge time is presented in Figure 2.8 (a) and (b), respectively. The 
area of the broad -3.0 ppm peak increases during the first discharge, as can be 
seen in Figure 2.8 (a). Given the spectral resolution associated with static 
in-situ 7Li NMR for rGO, we are unable to resolve the detailed structures of 
the Li+ in the SEI layer and the intercalated lithium based on the chemical 
shifts. However, we are able to distinguish between the Li+ in SEI and its 
counterpart intercalated in rGO electrode based on the temporal evolution of 
the peak intensity during discharge / charge. The reason is that only the 
intercalated Li+ in the rGO electrode can be recycled during the discharge / 
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charge process. Meanwhile, the peak area of the -3 ppm resonance (Figure 2.8 
(a)) monotonically increases with the discharge time, reaching a local maxima 
value at the end of the first discharge. On the other hand, during the first 
discharge cycle, the peak area of the 265 ppm remains flat and close to zero 
while lithium ions are peeled off from the surface of lithium metal during the 
first discharge (Figure 2.8 (b)). An increase of the 265 ppm accompanied by a 
decrease of the -3 ppm peak area is clearly observed during the first charge 
process as a function of the charge time (Figure 2.8 (a) and (b)). One 
important finding is that only a very small portion of the -3 ppm peak is 
participating in the cycling, indicating the majority of the lithium that has 
moved to the rGO electrode during the discharge process are dead, i.e., not 
entering into the cycling process. These dead lithium ions are attributed to 
reactions forming the SEI layers with the rGO surface functional groups such 
as –H, -OH, -COOH, -C=O, etc.  During the 2nd discharge cycle, a decrease 
of the 265 ppm peak area and an increase of the -3 ppm peak area are clearly 
observed. This is then followed by an increase of the 265 ppm and a decrease 
of the -3ppm during the 2nd charge cycle as a function of the charge time. 
Apparently, during the 2nd charge cycle, the relative percentage of the lithium 
that is able to recharge back to the Li-metal electrode is significantly increased 
compared to the first discharge / charge cycle. This result indicates that the 
SEI is stabilized at the end of the 2nd charge cycle. The stabilization of the SEI 
 70 
 
layer is further confirmed by the 3rd discharge / charge cycle.  This explains 
the very high capacity of the rGO electrode during the first discharge cycle 
and the very good recyclability during the subsequent cycles despite the much  
 
Figure 2.9. (a) Charge and discharge plot and (b) cyclability of rGO electrodes 
in the range of 0.005-3V vs. Li/Li+. 
lower capacity of the second discharge cycle compared to the first. The change 
in area of the 265 ppm peak can be utilized for quantifying the amount of 
lithium that are recycled as the peaks are relatively narrow and are well 
separated from the flat Li-metal signals at 244 and 250 ppm. One practical 
approach is to use the peak area of the 265 ppm divided by the total peak area 
of the -3 ppm broad peak at the end of the first discharge cycle. In this way, we 
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find that 0.576E07 / 1.601E07=36% of the intercalated Li+ is recycled back 
into the Li-anode during first cycle. The amount is consistent with the practical 
battery test as shown in Figure 2.9. The -3 ppm peak, on the other hand, is 
very broad and precise determination of its peak area is difficult due to its poor 
signal-to-noise relative to that of the electrolyte signal (sharp peaks at about 0 
ppm). Furthermore, the portion of the -3 ppm corresponding to the recyclable 
Li+ is small compared with the SEI. Despite these difficulties, the trend in the 
change of the peak area associated with the -3 ppm peak is similar to that of 
the 265 ppm peak, supporting the use of 265 ppm for precise quantification. 
We like to point out that although a major part of this irreversible capacity is 
attributed to the surface growth of SEI layer, a very small amount of Li+ may 
be trapped in the rGO flakes, which is estimated to be around 2.8% of the 
initial capacity loss. 
To further understand the static evolution of SEI passive layer, in-situ 7Li 
NMR spectra were first acquired using a lower constant discharge current of 
0.07 mA, and each spectrum was acquired using the following parameters: an 
acquisition time of 4.37 minutes, using an accumulation number of 256 and a 
recycle delay time of 1 s. The battery was first discharged to 0.7V vs. Li/Li+ 
(at 2753 minutes) to form initial SEI passive layer. At 2753 minutes, the 
battery circuit was left open while additional in-situ 7Li NMR spectra were 
acquired from 2753 minutes to 4370 minutes. Based on the similar fitting 
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method applied before, the time-resolved peak area evolution of resonances at 
-3 ppm and 265 ppm was summarized in Figure 2.10 (a), (b) and (c). Upon 
discharge, the evolution trends of the resonances at -3ppm and 265 ppm are 
quite similar to the results mentioned previously (Figure 2.8 (a), (b)). One 
interesting observation is the continuous increase of the -3.0 ppm peak area 
 
Figure 2.10. Static growth of SEI passive layer on rGO eletrode. (a) 
Potential-time plot to demonstrate the potential evolution after remove the 
electrical contact from rGO cell; In-situ 7Li NMR peak area evolution of (b) 
-3ppm board and (c) 265ppm. 
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from 2736 to 4370 min; even after the battery circuit was open, indicating that 
lithium ion is continually reacting with the rGO electrode to form SEI. This 
could be due to the out-diffusion of a small amount of intercalated Li+ from 
the bulk rGO to the surface to continuously form the SEI layer even without 
electrochemical driven force. As charging capacity above 1V should be 
attributed to the faradic capacitance on the surface or on the edge sites of 
graphene,100 the binding (adsorption) of lithium on these sites may be weaker 
than lithium ion intercalated into the graphite crystallites or bound with 
unreduced functional groups. Thus upon removal of electrical contact, these  
 
Figure 2.11. Re-discharge plot of rGO cell after remove electrical contact for 
1600 minutes with the current density of 50 mA g-1. 
lithium ions may be possible to detach from the absorbing sites, which is 
similar with the self-discharge process of supercapcitors. The amount of the 
self-delithiated Li+ is calculated to be Li0.13C6 based on the delivered capacity 
when the open-circuit cell (quite for 1600 minutes) was discharged back to 0.7 
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V (Figure 2.11). 
2.4 Conclusions 
In summary, non-destructive analytical tools such as Raman and 7Li NMR 
(either in-situ or ex-situ) were applied to investigate the lithiation mechanism 
in rGO and graphite. Electrochemical studies coupled with in-situ Raman and 
ex-situ 7LiNMR analyses revealed differences in the lithiation mechanisms of 
rGO and graphite. CV and ex-situ 7Li NMR data indicate that Li insertion into 
disordered rGO sheets occurs via surface adsorption while the Li-intercalation 
mechanism for conventional graphite follows the Li-GIC mechanism. The 
growth and evolution of the SEI passive layer in rGO during galvanostatic 
cycling was investigated using in-situ 7LiNMR probe. The result indicates that 
most of SEI passive layer is formed during the first cycle and becomes 
stabilized at the end of the 2nd discharge cycle. Meanwhile a quantitative 
method was proposed to determine the amount of irreversible Li+ associated 
with SEI formation using well-separated resonance from the nano / micro 
structured Li-metal fibers that are oriented perpendicular to the flat Li-metal 
surface. The amount of intercalated Li+ that was recycled during first cycle 
was calculated to be 36% based on our NMR studies, which was consistent 
with the practical battery test results. The static growth of SEI passive layer in 
rGO was observed and analyzed, which provided useful insights on the SEI 
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formation mechanism in rGO-based LIBs. 
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Chapter 3 Ultra-high capacity due to Multi-electron 
Conversion Reaction in Reduced Graphene Oxides wrapped 
MoO2 Porous Nanobelts 
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The lithiation mechanism of metal oxide at room temperature can be classified 
as insertion reaction (TiO2, V2O5, and MoO2 et al) or conversion reaction (for 
instance, CoO and SnO2).43-57 Which of the two mechanisms is operating is 
decided fundamentally by the metal-oxygen bond strength, electron transport 
and lithium ions diffusion kinetics in the metal oxide.107,131,141 If a full 
conversion reaction of MoO2 into Mo / Li2O occurs by reacting 4 Li+ per 
MoO2 unit, a high theoretical capacity of 838 mAh g-1 can be achieved without 
considering other lithium ion hosts in MoO2.51,107,141 Unfortunately, the 
specific capacity of bulk MoO2 is limited by slow electron conductivity with 
only one-electron transfer reaction in bulk MoO2 material above 1V vs. 
Li/Li+.107,131,141 Bulk MoO2 is limited by insertion reaction due to its strong 
metal-oxygen bond strength (678 kJ mol-1 compared to 368 kJ mol-1 of CoO) 
and slow electron mobility with only one-electron transfer reaction above 1V 
vs. Li/Li+ at room temperature.53,142-144,147,333 A key strategy to address this 
sluggish reaction kinetics in MoO2 at room temperature is to nano-structure the 
material as well as add conductive matrix or buffer carriers like carbon,144,145 
carbon nanotubes146 and graphene.53,70,100,147-149 Among these, reduced 
graphene oxide (rGO) has proved to be a highly versatile conductive and 
structure stabilizing additive in wide ranging hybrids used in 
LIBs.45,47,48,100,224,231,334-338 Although several MoO2/rGO composites have been 
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tested,47,53,147,226,339 a full scale conversion reaction of the Mo (IV) to Mo has 
not been demonstrated. It has been suggested that formation of LiOH at deep 
discharge can contribute to the extra capacity in metal oxide system by NMR 
studies.97 To date, there is a lack of mechanistic insights into the phase 
evolution during the conversion reactions in MoO2 electrodes compared with 
other metal oxides.43,45 
Herein, we synthesized a hybrid consisting of rGO sheets-wrapped MoO2 
porous nanobelts (rGO/MoO2 NBs) and report that this structure supports a 
full-scale multi-electron conversion reaction in MoO2. The MoO2/rGO 
composite affords an unprecedented full scale multi-electron conversion 
reaction giving high capacity (974 mAh g-1 charging capacity at 60 mAh g-1), 
good cycling stability and ultra-fast rate capability. 
3.2 Experimental Methodology 
3.2.1 Preparation of Graphene Oxides (GO) suspension 
GO were prepared through a modified solvothermal reaction which has been 
described elsewhere.336 In a typical experiment, Graphite (0.5 g), KMnO4 (2.5 
g) and H2SO4 (25 mL) were put into a Teflon-lined autoclave (50 mL) 
sequentially (chemicals and autoclave were fully cooled at 0-5°C before use) 
and cooled at 0-5°C for 1 hour before heating in an oven at 80 °C for 1 hour. 
The product was dispersed in 200 mL deionized water, and H2O2 was added 
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with stirring until mixture turned yellow. GO was obtained after washing with 
HCl and deionized water, and dispersed at a concentration of 1mg mL-1 in 
deionized water. 
3.2.2 Preparation of α-MoO3 nanobelts suspension  
α-MoO3 nanobelts were synthesized by a hydrothermal reaction. In a typical 
experiment: 5 mL of 30 wt% H2O2 aqueous solution was slowly added to a 
flask containing 0.6 g of Mo metal powder in an ice bath with violent 
magnetic stirring. After stirring for 3 hours, the obtained solution was diluted 
to 0.1 mol L-1 as the precursor solution. Then, 7.5 mL of the precursor solution 
was transferred to a sealed 50 mL autoclave. After being hydrothermally 
treated at 180°C for 24 h, the α-MoO3 nanobelts suspension was obtained, 
which was then diluted to a proper concentration (10 mg mL-1). 
3.2.3 Synthesis of rGO/MoO2 NBs  
Preparations of graphene oxide and α-MoO3 nanobelts suspensions are 
illustrated in Figure 3.1. α-MoO3 nanobelts and GO suspensions were mixed 
together with the weight ratio of 10:1, followed by stirring for 1 hour. After 
freeze-drying, the composite were reduced by vapor ethanol carried by argon. 
A covered ceramic boat (avoid loss of rGO during thermal process) containing 
the composite was put into the furnace; and the vaporized ethanol was carried 
by an argon flow (50 mL min-1). After complete removal of the air in the 
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quartz tube by flushing argon for 1 h, the composite was calcinated at 400 °C 
for 12 h under argon / ethanol vapor flow. For the purpose of control studies, 
MoO2 without rGO and pure rGO were also prepared separately using the 
same process, named hereafter as nano MoO2 and pure rGO, respectively. 
3.2.4 Material and electrochemical characterizations 
Materials Characterizations: Wide-angle X-ray diffraction (XRD) patterns 
were collected on Bruker D8 Focus Powder X-ray diffractometer using Cu Kα 
radiation (40 kV, 40 mA). TEM analysis was performed on an FEI Titan 
80-300 S/TEM (Scanning TEM) operated at 200 kV. The elemental maps 
were obtained by the three-window method using Gatan Image Filter (GIF). 
Two pre-edge images were acquired for extrapolating the background which 
was then subtracted from the post-edge image to give elemental maps. XPS 
was operated on SPECS PHOIBOS 150 Hemispherical Energy Analyser, 
using a 300W Al Kα excitation source. For ex-situ TEM study of electrodes 
during cycle, samples were dispersed in polycarbonate (PC) and sealed in 
Argon-filled glove box ((MBraun, Germany, O2 < 1ppm, H2O < 1ppm). In the 
same glove box the composites were loaded on the TEM grid and transferred 
into TEM within 5s (the solvent was evaporated in the pre-insertion chamber 
with the pumping of turbo pump). FTIR of samples were performed in the 
transmission mode by using an OPUS/IR PS15 spectrometer (Bruker). The 
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sample was loaded into a FTIR cell evacuated to 10-4 Torr. The rGO content in 
the rGO/MoO2 NBs was determined by the thermal gravimetric analysis 
(TGA) of rGO/MoO2 NBs and carbon, hydrogen, nitrogen and sulfur (CHNS) 
analysis of nano MoO2. The carbon content (rGO plus amorphous carbon) 
based on TGA in rGO/MoO2 NBs is around 9.9% while the carbon content 
(amorphous carbon) in nano MoO2 based on the CHNS (CHNS should be 
more accurate for trace carbon) is around 1.9%. Thus, we concluded that the 
rGO content should be around 9.9-1.9=8%. The nitrogen 
adsorption–desorption isotherm experiment was conducted on Micromeritics 
ASAP 2020 V3.05 H. 
Electrochemical measurement: The electrochemical tests were performed 
using coin type 2016 half cell with lithium metal as the counter and reference 
electrode and polypropylene film as a separator. The negative electrodes were 
fabricated by mixing 80 wt% active materials, 10 wt% super p carbon black 
and 10 wt% PVDF binders in appropriate amount of NMP as solvent (For pure 
reduced graphene oxides, the weight ration of rGO : super p: PVDF is 75: 10: 
15). After stirring for 8 hours, the resulting paste was spread on a copper foil 
by Automatic Film Coater with Vacuum Pump & Micrometer Doctor Blade 
(MTI). After the NMP solvent evaporation in a vacuum oven at 120 °C for 12 
h, the electrodes were pressed and cut into disks. The mass for each disk is 
around 1-2 mg cm-2. Cells were assembled in Argon-filled glove box (MBraun, 
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Germany) using Li-metal foil (Kyokuto Metal Co.,Ltd) as counter and 
reference electrode. Cyclic voltammetry studies were carried using computer 
controlled Mac-pile II system (Bio-logic, France). The charge-discharge and 
cycling measurements were carried out using the Battery Test Stations 
(BitrodeCorp. St. Louis Mo USA. Model: MCV 16-0.5/0.01-5) at a constant 
current density in a voltage range of 0.005-3 V vs. Li/Li+, at room temperature 
about 23°C. The three-electrode Electrochemical impedance spectroscopy 
(EIS) experiment was performed in an Ar-filled glove-box by Solartron 
Impedance / gain-phase Analyzer (model SI 1255) coupled with a potentiostat 
(SI 1268) at room temperature. The frequency was varied from 0.1 MHz to 10 
mHz with an alternating voltage signal amplitude of 10 mV. 
 




3.3 Results and discussion 
3.3.1 Characterization of rGO/MoO2 NBs 
As-synthesized GO sheets have lateral dimension of more than 20 μm (Figure 
3.2 (a)) and act as the scaffold for sandwiching MoO3 nanobelts, the latter 
have widths of ∼200-500 nm, lengths of ∼5-10 μm and thickness of ~50 nm 
(Figure 3.2 (b)). As shown in Figure 3.3 (a), (b), (c) and Figure 3.4, the MoO2 
NBs were wrapped by thin rGO layers, and elemental analysis shows a 
uniform distribution of C, Mo and O in the imaged area. The presence of 
nanovoids, produced by etching reactions during reduction by ethanol, can be 
seen throughout the length of the NB and this porous structure is believed to 
provide more access sites and shorten the distance for lithium ions diffusion. 
As shown in Figure 3.3 (d) and (e), the rGO thin film is about 5-6 graphene 
layers thick, and the microcrystalline nature of the MoO2 NBs is evidenced by  
 
Figure 3.2. (a) TEM for GO and (b) TEM for α-MoO3 NBs. 
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the presence of the (-111) diffraction spots in selected area. 
 
Figure 3.3. (a) SEM, (b)-(c)TEM and elemental mapping for rGO/MoO2 NBs; 
(d) HR-TEM and (e) SAED pattern for rGO/MoO2 NBs; (f) XRD patterns of 
(i) MoO3 NBs, (ii) GO-MoO3 NBs hybrid and (iii) rGO/MoO2 NBs. 
MoO3 NBs possess the α-phase (JCPDS No. 35-0609) structure, as shown in 
Figure 3.3 (f)-(i) and-(ii). After reduction in Ar/Ethanol vapor, the GO-MoO3 
hybrids were reduced into MoO2 and rGO.45 As shown in Figure 3.3 (f)-(iii), 
the XRD spectra of the rGO/MoO2 NBs composite reveals the presence of the 
monoclinic phase (JCPDS, No. 32-0671) with the characteristic lattice 
parameters a= 5.640(7)Å, b= 4.855(4)Å, c= 5.611(7)Å (Table 3.1). A small 
carbon peak at ~45o may originate from the decomposition of ethanol on the 
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surface of MoO2 (The content of carbon is around 1.9% by weight in nano 
MoO2 as measured by Carbon, hydrogen, nitrogen and sulphur (CHNS) 
analysis). No peak (Figure 3.5 (a)) associated with stacked rGO is detected, 
indicating that rGO is dispersed homogeneously as isolated sheets in the 
composite.224 The diffusion of ethanol and / or its decomposed products into 
MoO3 cleaved it along the defects to produce one dimensional MoO2 NBs.131 
However, compared to reported MoO2 reduced by H2, the as-prepared MoO2 
composites has a lower crystalline quality,142,147 due to the lower reducing 
temperature (actually, only a very small amount of MoO3 could be reduced 
into MoO2 at 400°C by H2, Figure 3.6).  
 
Figure 3.4. SEM images of rGO/MoO2 NBs. (a),(b) rGO/MoO2 NBs 
powder;(c),(d) rGO/MoO2 NBs after sonication.  
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Figure 3.5. (a) XRD of pure MoO2 and rGO, (b) TEM and SAED pattern for 
pure MoO2. 
X-ray photoelectron spectroscopy (XPS) characterization of rGO/MoO2 NBs 
composite (Figure 3.7 (a)) reveals four distinct peaks centered at 231.7 (Mo3d), 
398.1 (Mo3p3/2), 415.8 (Mo3p1/2), and 531.9 (O1s) eV, which is characteristic of 
molybdenum oxides.340 The high-resolution XPS of Mo3d in Figure 3.7 (b) 
shows a doublet core-level Mo3d5/2,3/2, indicating the Mo(IV) oxidation state of 
MoO2.341 The high resolution C1s spectrum shown in Figure 3.7 (c) can also be 
deconvoluted into graphic carbon (C-C), carbon in C-O and carbonyl carbon  
           a (Å) b (Å)  c (Å)  
nano MoO2  5.614(2)  4.858(8)  5.629(7)  




Figure 3.6. XRD analysis of GO/MoO3 NBs reduced by H2 at different 
temperature. 
 
Figure 3.7. XPS survey spectra for (a) rGO/MoO2 NBs and high resolution 
XPS spectra for (b) Mo3d, (c) C1s; (d) FTIR spectra of pure rGO, nano MoO2, 
bulk MoO2 and rGO/MoO2 NBs. 
(C=O), respectively.340 FTIR spectra of pure rGO, bulk MoO2, nano MoO2, 
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and rGO/MoO2 NBs are shown in Figure 3.7(d). The vibrational stretch of 
Mo-O-Mo bond (V(Mo–O–Mo) vibration) for bulk MoO2 occurs around 760cm-1, 
and it decreases to 688cm-1 in rGO-wrapped MoO2 NBs. This red shift 
suggests that the Mo-O-Mo bond energy is reduced, which may be related to 
its porous structure as well as interaction between rGO scaffords and MoO2. 
The weakening of the Mo-O-Mo bonds have implications for the easier 
cleavage of the metal-oxygen bond upon lithaition.232 The weight-loading of 
rGO was assessed using thermal gravimetry analysis (TGA) and carbon, 
hydrogen, nitrogen and sulfur (CHNS) analysis (Figure 3.8), which reveals 
that the weight percentage of rGO in the composite is 8%. This is much lower 
than in previous reports using rGO as a conductive additive, since rGO exists 
mainly as an ultrathin shell wrapping around the MoO2.47,53,147   
 
Figure 3.8. TGA analysis of rGO/ MoO2 NBs. 
3.3.2 Conversion reaction of rGO/MoO2 NBs 
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The electrochemical properties of rGO/MoO2 NBs, nano MoO2 and pure rGO 
are shown in Figure 3.9 and Figure 3.10. Figure 3.9 (a) illustrates the cyclic 
voltammograms of rGO/MoO2 NBs electrodes. During the first cycle, two 
pronounced reduction peaks are observed at 1.52 V and 1.24 V, and two 
oxidation peaks are observed at 1.50 V and 1.73 V, respectively. These peaks 
are assigned to phase transition between the monoclinic phase and Orthorho- 
 
Figure 3.9. Cyclic voltammograms for (a) rGO/MoO2 NBs and (b) pure MoO2; 
The Galvanostatic discharge/charge curves of (c) rGO/MoO2 NBs, (d) nano 
MoO2, (e) direct mixture of pure rGO and pure MoO2, and (f) capacity versus 
materials. Potential range of 0.005-3V vs. Li/Li+. 
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-mbic phase during the Li insertion (Li0.98MoO2) and extraction (MoO2).52 An 
irreversible reduction peak at ~0.7V corresponds to the formation of a 
passivating surface film.27,50,150 With increasing CV cycling, the redox peaks 
located at 1.52 V/1.73 V, 1.24 V/1.5 V broadens, while a new set of peaks 
located below 0.7 V appear during the reduction process and become more 
pronounced with cycling. These peaks below 0.7 V are more pronounced in 
the hybrid rGO/MoO2 NBs compared to nanocrystalline MoO2, as shown in 
Figure 3.9 (b). These peaks did not appear in the 2nd-5th CV plots of rGO at the 
same scanning rate (Figure 3.10 (a)). We attribute these peaks to the full scale 
conversion of MoO2 into elemental Mo.  
 
Figure 3.10. (a) Cyclic voltammograms (CVs) at the scan rate of 0.058mV s-1 
for pure rGO; (b) the galvanostatic discharge / charge curves of  pure rGO at 
the current density of 60 mA g-1 within the voltage range of 0.005-3V vs. 
Li/Li+. 
Figure 3.9 (c), (d) show the discharge and charge curves of rGO/MoO2 NBs 
and nano MoO2 at a current density of 60mA g-1 (based on the mass weight of 
whole active materials). The most apparent difference of the rGO/MoO2 NBs 
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(Figure 3.9 (c)) compared to nanocrystalline MoO2 (Figure 3.9 (d)) is the 
presence of voltage plateau below 0.7 V. This pronounced plateau for 
rGO/MoO2 NBs electrode translates to an initial discharge and charge 
capacities of 1340 mAh g-1 and 974 mAh g-1, respectively, and a coulombic 
efficiency of 72.6% in the first cycle. The reversible capacity of rGO/MoO2 
NBs electrode was stable around 975 mAh g-1 and 995 mAh g-1 at 2nd cycle 
and 5th cycle, respectively. These values are comparable with the highest 
charge capacities based on MoO2 electrodes reported to date (300-862 mAh g-1) 
for low current density operation,51-53,107,131,141-144,147,342 despite the fact that the 
content of rGO in the hybrids is only 8% by weight.224 The capacity of 
rGO/MoO2 NBs is larger than the theoretical capacity of MoO2 (837 mAh g-1 
assuming 4 lithium ions per MoO2). It is believed that lithium ions can be 
stored in defect sites of MoO2 and rGO.45,107,131,141 A variety of structural 
defects can be indentified in nano-sized MoO2 and rGO, i.e. void spaces, 
vacancies, interstitial sites and cluster gaps. In addition, based on a “job 
sharing“ mechanism,140 extra Li+ may be accommodated in the nanoscopic 
interfaces of mixed lithiated products such as Li2O and metal crystals. In 
contrast, nanocrystalline MoO2 electrode can only deliver a discharging and 
charging capacity of 810 and 500 mAh g-1 during the first cycle at the same 
current density. These capacity values are higher than that of the bulk 
counterparts due to the nanostructing of MoO2 by ethanol in this study (porous 
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structure, lower crystalline quality and trace carbon doping).  
To investigate if the enhanced performance is related to the unique structure of 
the rGO-wrapped MoO2 nanobelt, we studied the performance of a composite 
made by directly mixing rGO with nano MoO2 with a same rGO weight 
loading as in rGO/MoO2 NBs. In the latter case, the discharge and charge 
capacity were improved to 1059 and 673 mAh g-1, respectively due to better 
electron transfer kinetics (Figure 3.9 (e)); however, no plateau below 0.7 V 
occurred. Therefore we can infer that the enhanced capacity of the rGO/MoO2 
NBs composite is not simply due to the higher electron transfer kinetics or 
extra lithium storage defects induced by pure rGO. In fact the capacity of the  
Figure 3.11. STEM and SAED pattern obtained on (a), (b), (c) rGO/MoO2 
NBs, and (d) nano MoO2 during the first cycle. (Inset a) TEM; (Inset b) 
HR-TEM. Current density: 60 mA g−1. Voltage range of 0.005–3 V vs. Li/Li+. 
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rGO/MoO2 NBs composite is much higher than the sum of the individual 
capacities of nano MoO2 and pure rGO, suggesting a synergistic effect in rGO 
and porous MoO2 NBs which modifies the energetics of lithiation (Figure 3.9 
(f)). 
3.3.3 Phase evolution of rGO/MoO2 NBs 
It is important to understand the reaction mechanisms and their relation to the 
high lithium storage capacity. Ex-situ TEM, STEM and electrochemical 
impedance measurements were recorded on the electrodes during first 
discharge cycle to investigate the morphology and phase evolution in 
rGO/MoO2 NBs following the activation of full scale multi-electron 
conversion reaction. As shown in Figure 3.11 (a), the NBs become visibly 
porous after the first discharge to 1.5 V (vs. Li/Li+; also see Figure 3.12 (a) for 
the reduced inner resistance). At the end of conversion reaction (Figure 3.11 
(b)) the NBs were transformed into a nanocrystalline phase consisting of 5 nm 
sized grain. These grains were identified as metallic Mo from the lattice 
fringes (inserted HR-TEM and SAED pattern). These Mo nanoparticles can be 
reversibly converted into MoO2 (Figure 3.11 (c)) and inserted SAED pattern) 
and reduced back to Mo during the subsequent discharge/charge process. In 
the case of  nanocrystalline MoO2 without rGO, as shown in Figure 3.11 (d), 
at the end of discharge, a mixture of Li0.98MoO2 and metallic Mo was present, 
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indicating that only part of MoO2 were involved in conversion reaction and 
phase transformation, as mentioned in previous report.51  
The nature of lithiation reaction occurring in rGO/MoO2 NBs has also been 
studied by XPS (Figure 3.12 (b)).The rGO/MoO2 NBs electrode that is 
lithiated to 0.005 V clearly shows the presence of metallic Mo (Mo3d 228.2 eV 
and 231.4 eV) while the delithiated sample charged to 3.0 V show the 
presence of the MoO2 phase (Mo3d 229.3 eV and 232.4 eV).  
 
Figure 3.12. (a) Nyquist plots and (b) the Mo3d XPS spectra obtained on the 
rGO/MoO2 NBs during first discharge/charge process. 
Based on our studies, we can infer that after intercalation of ~one lithium ion 
into the framework of MoO2 (Li0.98MoO2), the rGO/MoO2 NBs electrode was 
involved in a full scale multi-electron conversion reaction below 1V and 
Mo(IV) was reduced to its elemental state in a step by step electron 
transfer.107,141 The following reaction mechanism is proposed. First, 
Li0.98MoO2 and Li2O / Mo is formed during the discharge process, and MoO2 
 95 
 
is regenerated during the charge process.  
MoOଶ	 +	~Liା		 + 	~eି 	↔ 	Li଴.ଽ଼MoOଶ                             
(3.1)                                                  
Li଴.ଽ଼MoOଶ +	~3Liା +	~3eି ↔ Mo +	2LiଶO (multi-step)                  
(3.2)  
The enhanced capacity and multi-electron reactions observed for the 
rGO/MoO2 NBs composite can be explained by its unique structure which 
affords the following kinetic advantages: (1) with the reduction by ethanol, 
MoO3 NBs were transformed into nanoporous MoO2 NBs, this improves the 
mobility of lithium ions and affords faster reaction kinetics compared with 
bulk MoO2 materials;16,51,107,141,232,343 (2) The porous nature of rGO sheets 
provides percolation pathways for ions, and offers active sites for lithium-ion 
insertion and heterogeneous electron transfer;45,51,224  (3) Scaffolded by rGO, 
the dissociation energy of Mo-O in rGO/MoO2 NBs is reduced. During 
conversion reaction, the weakened Mo-O bond may be cleaved easily.  
3.3.4 Rate capability and cyclability of rGO/MoO2 NBs 
Figure 3.13 (a) shows the rate capabilities of the rGO/MoO2 NBs electrodes. 
The rGO/MoO2 NBs offers a reversible capacity as high as 1000 mAh g-1 after 
6th cycle at the current density of 60 mAh g-1, a reversible capacity of 495 
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mAh g-1 after the 42th cycle at 20000 mAh g-1 and even 250 mAh g-1 after the 
47th cycle at 50000 mAh g-1. More remarkably, after the high rate 
measurement, the specific capacities of electrodes at 100 mA g-1 and 60 mA 
g-1 recover to almost its initial values in the following cycles, implying a good 
rate capability and reversibility. Finally, it is very clear that the rate capability 
of the rGO/MoO2 NBs electrode is superior to that of the nano MoO2. Figure 
3.13 (b) displays the long-term cycling performance of the rGO/MoO2 NBs 
electrodes at the current densities of 1000 mA g-1 and 5000 mA g-1. With an 
initial activation at lower current density, there is negligible capacity loss up to 
750 cycles at 1000 mA g-1. In subsequent cycles at 5000mA g-1, a reversible  
 
Figure 3.13. (a) Rate performance and (b) cycling of rGO/MoO2 NBs. Voltage 
range of 0.005-3V vs. Li/Li+.  
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capacity of 420 mAh g-1 can still be retained at the end of 1900 cycles.  
During cycles, the structural transformation of the MoO2 NBs is dramatic. At 
the end of first discharge / charge cycle, the crystalline NBs framework is 
transformed into a nanoporous matrix (Figure 3.14 (a)). The rGO scafold 
wrapping the MoO2 NBs on either side prevents its disintegration during its 
conversion into a nanocrystalline phase. The nanocrystalline phase provides 
good buffering against volume swing during the conversion reaction.107 At the 
end of 100 cycles, Figure 3.14 (b) shows that nanograins are formed on the 
rGO sheets. Based on the elemental mapping, these are confirmed to be MoO2 
nanoparticles. The MoO2 NBs are pulverized into nanograins with dimension 
less than 10 nm due to volume swings during the conversion 
reaction.43,50,107,141 Usually the volume swing will result in capacity fading,53 
but the nanoporous nature of the electrodes provides sufficient buffering  
 
Figure 3.14.  STEM obtained on the rGO/MoO2 NBs after (a) first cycle and 
(b) 100 cycles when charged to 3V vs. Li/Li+. (Insert b) elemental mapping of 
C, Mo, O and EDX analysis of point A. 
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space, and the presence of the rGO scaffold stabilizes the loose aggregates and 
prevents the disintegration of these metal oxides, leading to long-term stability 
and good rate capability. 47  
3.4 Conclusions 
In summary, we have fabricated a composite consisting of rGO 
sheets-wrapped MoO2 porous nanobelts. Multi-electrons conversion reaction 
(i.e. full reduction to metallic Mo) can be achieved in the rGO-wrapped MoO2 
NBs, leading to unprecedentedly high reversible capacity. Electron 
microscopy shows that metal oxide/metal nano grains produced in the 
conversion reaction are embedded in the rGO “sandwich” structure, resulting 
in good cycling life and high rate capability. This approach suggests that 
sandwiching nanostructured materials between rGO sheets buffers against 
volume swing and nano-structural chemical conversion in LIBs. The simple 
and low-cost assembly process demonstrated here provides a useful route for 
the large-scale production of various functional hybrid materials for energy 
storage, especially in the case of materials suffering from slow reaction 
kinetics and unstable chemical structure during lithiation.
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Chapter 4 Probing Lithium Germanide Phase Evolution and 
Structural Change in a Germanium-in-Carbon Nanotube 
Energy Storage System 
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Group IV elements such as tin (Sn),58,59 germanium (Ge)60-66 and silicon 
(Si),67-71,344 with theoretical capacities of 992, 1623 and 4200 mAh g-1 
respectively, are attractive alternatives to carbon-based anodes in lithium-ion 
batteries (LIBs). Despite having a lower capacity than Si, Ge has 400 times 
higher diffusivity of lithium and 1×104 times higher electrical conductivity101 
and thus has advantages for use in high-power LIBs for electrical vehicles and 
large energy-storage stations.2,3,9,10,15,345-347 Although less attention has been 
paid on Ge rather than Si recently due to the higher price, the increase interest 
in Ge may draw forth a decrease in its cost since the abundance of Ge in the 
earth’s crust.64 However, similarly to Si, drastic volume changes (370%) 
during lithiation and delithiation, together with the loss of electrical contact 
arising from these, result in rapid capacity decay.101 Strategies to mitigate 
these problems generally involve nanostructuring the Ge to minimise volume 
swing, and embedding it on an electrically conducting scaffold such as 
amorphous carbon or reduced graphene oxide to buffer against mechanical 
instability and enhance the rate capability.62,64,175,219-221 Despite the enhanced 
performance, the inevitable inhomogeneity of these carbon coatings in 
physically mixed systems negatively affects the capacity retention and rate 
capability of the system.61 Meanwhile, recent study on porous structures of Si 
and Ge also provided encouraging result since the porous structure can 
provide a large space to accommodate volume expansion, and therefore help 
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to preserve the structure integrity during lithium cycling. The large surface 
area provided by the porous structure can remarkable enhances the 
electrode-electrolyte interface, thus facilitating the lithium ions 
diffusion.230,348-352 Despite these improvements, there is much room to 
improve the stability and capacity retention of the Ge system, especially in 
high-rate charging processes (described as ‘discharging’ for anodes in 
half-cells).2,16,225,353-355 
However, to date the mechanism of reaction of Ge in lithium cycling remains 
unclear, which makes attempts to optimise performance based on 
electrochemical–structural correlations difficult. The problem is compounded 
by the amorphous nature of the lithium germanide phases,63,158,209 which 
precludes clear elucidation of the structural changes that occur during 
lithiation/delithiation using X-ray diffraction (XRD)153,356 or electron 
microscopy (EM).169,357 By providing detailed local structural information, 
NMR spectroscopy can be combined with traditional probing methods to 
provide a powerful tool for probing the electrochemical–structural 
correlations.165,358-360 
Herein, we successfully develop a strategy to fabricate a core-shell structure 
consisting of Ge nanorods encapsulated by bamboo-type multiwall carbon 
nanotubes (Ge@CNT), using Ge nanoparticles as seeds. These composite 
structures can achieve high performance in LIBs: Ge@CNT anodes deliver a 
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high, reversible capacity of 1400 mAh g-1 at 0.2 C (1C = 1.6 A g-1), stable 
cyclability (92% at 200 cycles) and a superior rate capability (550 mAh g-1 at 
11.25 C in symmetric rate study). The few-layered carbon wall has similar 
mechanical and electrical functions to graphene, but its unique capsule-like 
compartment allows dynamic structural change and phase evolution 
(reversible amorphous-to-crystalline transition) of the Ge during lithiation / 
delithiation, as revealed by TEM, XRD and in-situ 7Li NMR. Unlocking phase 
evolution during Li alloying and de-alloying in the lithium germanide systems 
allows us to learn about the origin of the high-capacity Li storage and about its 
reversibility.   
4.2 Experimental Methodology 
4.2.1 Growth of Ge@CNT 
Ge NPs/MgO catalyst was prepared through ball-milling magnesium (Mg) 
reduction of germanium dioxide (GeO2). GeO2 and Mg powders were received 
from Sigma-Aldrich without further treatment. The mixture of 1.0 g GeO2 and 
0.6 g Mg powders were loaded and sealed under argon atmosphere into a 50 
mL steel bowl containing 20 hardened steel balls in the diameter of 10 mm. 
After high-energy ball-milling of the mixture at a rotation rate of 450 rpm for 
12 h on a planetary ball mill, the obtained composite was loaded on Alumina 
substrate and heated up to 880 oC in 20 min in tube furnance, followed by 
CVD growth of Ge@CNT under a flow of hydrogen (50 sccm) and methane 
 103 
 
(400 sccm). Meanwhile, a side gas line was set up to bubble part of the 
mixture gas through a small water tank half-filled with distilled water (the 
flow rate was optimized as 8 sccm). After 3h of growth, the samples were 
cooled to room temperature and washed by 50 mL 1M HCl in flask under 
stirring for 30 min. After that, the Ge@CNT composites were collected by 
centrifuging and distilled water / ethanol washing. The alumina substrate can 
then be re-used for another round of growth. For comparison, bare Ge was 
prepared by direct washing away the MgO from the Ge NPs/MgO composite 
by HCl after ball-milling. 
4.2.2 Materials and electrochemical characterizations  
Materials characterization: Wide-angle X-ray diffraction (XRD) patterns were 
collected on Bruker D8 Focus Powder X-ray diffractometer using Cu 
Kαradiation (40 kV, 40 mA). Scanning electron microscopy (SEM) analysis 
was performed on JEOL-6701F SEM. Transmission electron microscopy 
(TEM) analysis was performed on an FEI Titan 80-300 S/TEM (Scanning / 
Transmission Electron Microscope) operated at 200 kV. The elemental maps 
were obtained by the three-window method using Gatan Image Filter (GIF). 
Two pre-edge images were acquired for extrapolating the background which 
was then subtracted from the post-edge image to give elemental maps. Raman 




Electrochemical measurement: The electrochemical tests were performed 
using coin type 2016 half cell with lithium metal (Kyokuto Metal Co.,Ltd) as 
the counter and reference electrode and polypropylene film as a separator. The 
bare Ge electrodes were fabricated by mixing 80 wt% active materials, 10 wt% 
super p carbon black and 10 wt% PVDF binders while Ge@CNT electrodes 
were 85 wt% active materials, 5 wt% super p carbon black (5% MWCNT has 
already been grown in the composite) and 10 wt% PVDF binders in 
appropriate amount of NMP (N-methyl-2-pyrrolidinone, Sigma-Aldrich) as 
solvent. After stirring for 8 hours, the resulting paste was spread on a copper 
foil by Automatic Film Coater with Vacuum Pump & Micrometer Doctor 
Blade (MTI). After evaporation of NMP solvent in a vacuum oven at 120 °C 
for 12 h, the electrodes were pressed and cut into disks. The mass for each 
disk is around 1.5 mg cm-2. Cells were assembled in argon-filled glove box 
(MBraun, Germany, O2 < 1ppm, H2O < 1ppm). Cyclic voltammetry studies 
were carried on an IVIUMnSTAT multichannel electrochemical ananlyser. The 
charge-discharge and cycling measurements were carried out using the Battery 
Test Stations (BitrodeCorp. St. Louis Mo USA. Model: MCV 16-0.5/0.01-5) at 
room temperature about 23°C. Electrochemical impedance spectroscopy (EIS) 
was carried on cells using Autolab PGSTAT30 digital potentiostat / 
galvanostat at room temperature about 23°C. The frequency was varied from 
0.1 MHz to 10 mHz with an alternating voltage signal amplitude of 10 mV. 
4.2.3 TEM-coin cell configuration 
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For TEM-coin cell configuration, four TEM grids loaded with Ge@CNT were 
pressed against normal anodic electrode (Ge@CNT loading on Cu foil).The 
TEM grid was then carefully removed and rinsed with DMC (dimethyl 
carbonate) in Argon-filled glove box ((MBraun, Germany, O2 < 1ppm, H2O < 
1ppm) at the designated electrochemical stages, and directly transferred under 
Ar protection into TEM for characterization immediately. Noteworthy, we will 
not let the grid dry in the glove box to avoid unnecessary changes of samples. 
The pump in the loading cycle of our TEM can dry the grid very quickly 
(normally within 3 min) before characterization. 
4.2.4 Ex-situ XRD 
In order to understand the phase evolution of Ge@CNT electrodes during 
lithium cycles, ex-situ XRD experiments have been conducted. At different 
potential stages, electrodes were collected by disassembling the coil cells in 
Ar-filled glove box quickly. After rinsed in DMC (dimethyl carbonate), the 
electrodes were sealed in XRD holder by Mylar film (SPI Supplies, 2.5 μm) in 
Ar-filled glove box and sent to XRD characterization.  
4.2.5 In-situ 7Li NMR experiment 
The working electrodes were coated on copper foil with thickness of 9μm. The 
area density of Ge@CNT composite is little larger than the electrodes using in 
the coin cell study (around 2 mg cm-2). Celgard 2500 separator (thickness of 
25 μm) was made into the shape of a bag to hold the working electrode inside 
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to isolate the Li metal electrode (thickness of 750 μm) and the working 
electrode. The battery cell was inserted into a specially designed in-situ NMR 
battery capsule case made of Kel-F, also named as PCTFE 
(PolyChloroTriFluoroEthylene) that can hold a planar battery with a tight seal 
of the battery components to prevent the exposure of the battery to air. The 
planar battery components were arranged such that the metal surface (both 
copper and Li metal foil) is perpendicular to the external main magnetic field, 
B0, and the direction of the excitation magnetic field, B1, is parallel to both the 
copper and the Li metal surface. A copper wire with diameter of 0.1 mm was 
linked to the copper foil of the Ge@CNT composite electrode via three needle 
holes at one end of the copper foil to create a good and secure electrical 
connection. A second copper wire of the same diameter was imbedded into the 
Li metal electrode. Both wires were guided to the outside of the battery for 
charging and discharging of the in-situ NMR battery via a CH600D instrument 
(Chronopotentiometry). The contents of the electrolytes were EC (Ethylene 
carbonate), DMC (dimethyl carbonate), DEC (diethyl carbonate) with volume 
ratios of 4:2:4, and 1 M LiFP6. The in-situ battery was assembled in an 
argon-filled glove box by pre-drying the electrode components at 60 °C under 
vacuum in glove box chamber for 12 hours before assembling. 
4.3 Results and discussion 
4.3.1 Synthesis of Ge@CNT 
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As illustrated in Figure 4.1, a Ge nanoparticle/magnesium oxide catalyst (Ge 
NP/MgO) was first prepared by ball-milling magnesium (Mg) and germanium 
dioxide (GeO2) together, during which a solid-state reduction of GeO2 resulted 
in the formation of Ge NPs coated with MgO (Figure 4.1 (a)). Supported on an 
alumina substrate, the composite was used to catalyse carbon nanotube (CNT) 
growth. To grow multiwall carbon nanotubes (MWCNTs), the catalyst was 
heated to 880 oC in a CVD furnace and a mixture of methane (CH4) and 
hydrogen (H2) gases was passed over it for 3 hours. To suppress growth of 
amorphous carbon, water vapour was introduced by bubbling part of the 
reaction gases through distilled water during the growth process.361 As shown 
in Figure 4.1 (b), during CVD the Ge NPs were reshaped into nanorods (NRs) 
inside the CNTs. Following CVD, the Ge@CNT composite was collected by 
dissolving the MgO with hydrochloric acid (HCl) (Figure 4.1 (c)). The whole 
process was characterised by XRD as shown in Figure 4.2 (a). In the Raman 
spectra (Figure 4.2 (b)), the peak located around 288 cm–1 is due to the optical  
 
Figure 4.1. Growth of the Ge@CNT composite using Ge NPs as seeds. (a) A 
GeNP/MgO catalyst was prepared by ball-milling and reduction of GeO2 by 
(Mg), and the ball-milled products were loaded on an alumina substrate and 
introduced to the CVD process. (b) During CVD, Ge NPs were reshaped into 
nanorods and wrapped with MWCNTs (Ge@CNT). (c) After CVD, the 
composite was recovered from the substrate by washing in 1M hydrochloric 




Figure 4.2. (a) Stacking XRD patterns monitoring the preparation process; (b) 
Raman spectra of Ge@CNT and bare Ge. 
mode of crystalline Ge. Three peaks at 1336 cm–1, 1564 cm–1 and 2672 cm–1 
are in good agreement with the typical Raman D, G and 2D bands of CNTs,362 
respectively. The D band of CNTs is often referred to as the disorder or defect 
mode. It is known that lithium ions can diffuse into Ge NRs through defects or 
disorder ‘gaps’ between graphitic sheets on CNTs.58,362 Carbon, hydrogen, 
nitrogen and sulphur (CHNS) analysis showed that the Ge@CNT composite 
contained only ~5% by weight of carbon. As a control, bare Ge particles were 
obtained by using HCl to dissolve off the MgO from the Ge NP/MgO 
composite directly after ball-milling. 
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4.3.2 Morphology of the Ge@CNT composite 
 
Figure 4.3. Morphologies of the initial catalyst Ge NPs/MgO and bare Ge. 
(a),(c) TEM and (b) STEM images of the initial Ge NPs/MgO after 
ball-milling. Selected EDX patterns and the elemental mapping in the red box 
reveal that the GeNPs were surrounded by MgO clusters. (d),(e) TEM images 
of bare Ge. After HCl washing, the MgO clusters around Ge NPs were clearly 
dissolved. 
After ball-milling, the morphology of Ge NPs/MgO was characterized by 
TEM and STEM. Figure 4.3 (a)-(c), show the typical TEM and STEM images 
of Ge NPs/MgO, which clearly indicate that Ge NPs are surrounded by small 
MgO clusters. After HCl washing, as shown in Figure 4.3 (d),(e), MgO 
clusters were washed away, leaving behind Ge NPs. Besides carrying out 
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CVD growth to produce the Ge@CNT composites, these washed samples 
were also collected and marked as “bare Ge” for control experiments in 
batteries. 
 
Figure 4.4. (a),(b) SEM images of the Ge@CNT composite with MgO 
clusters; Inset in (a) is a photograph of the composite on the substrate after 
CVD growth.  
The morphology of the Ge@CNT composite was characterised by SEM and 
TEM. SEM images after CVD (Figure 4.4 (a),(b)) show that the Ge NPs have 
become reshaped into nanorods inside CNT walls, and may thus be under 
tensile strain. A high yield of the core (Ge) plus shell (CNT) structure was 
obtained, as shown by the inset optical image in Figure 4.4 (a). TEM and 
STEM (scanning TEM) images of the core-shell structure (Figure 4.5 (a)–(f)) 
reveal that Ge NRs are around 1.5 μm long and are wrapped in carbon shells 
of thickness 5–10 nm. The (111) and (002) crystal plane fringes of the Ge NRs 
and CNTs were imaged by high resolution TEM and diffraction patterns 
(Figure 4.5 (h)) around the interface of the Ge@CNT composites (Figure 4.5 
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(g)) and the centres of the Ge NRs found (Figure 4.5 (i)). A sharp interface 
exists between the MWCNT and the crystalline Ge NR, as seen in these TEM 
images. Note that the tip is covered by only 2–3 layers of carbon (Figure 4.5 
(c)); this permits diffusion of ions during (de)alloying without direct exposure 
of the Ge NRs to the electrolyte.61,68   
 
Figure 4.5 (a) TEM and (b) STEM images of the Ge@CNT composite; (c)-(f) 
enlarged TEM images of different parts along the length of Ge@CNT; (g) 
high-resolution TEM image and (h) SAED pattern of the Ge@CNT interface; 
(i) high-resolution TEM image of the centre of the Ge NRs. The scale bars 
without mentioned are 10nm. 
4.3.3 Superior electrochemical performance of the Ge@CNT composite  
The electrochemical performance of the Ge@CNT composite was evaluated 
using Li half-cells (2016R type). Figure 4.6 (a) shows the first-five-cycle 
voltage profiles of Ge@CNT and bare Ge (inset) in the voltage range of 
0.005–1 V vs. Li/Li+ (all of the potentials stated hereafter are with respect to 
Li/Li+ unless otherwise stated). In the first cycle, the specific lithiation and 




Figure 4.6. Electrochemical performance of the Ge@CNT composite. (a) 
First-five- cycles voltage plots of the Ge@CNT composite at 0.2 C (1C = 1.6 
A g-1);(b) long-term stability of the Ge@CNT composite in the voltage range 
0.005-1 V vs. Li/Li+. 
1400 mAh g-1 at 0.2C rate, respectively (1C = 1.6 A g-1; the coulumbic 
efficiency was 67% in the voltage window of 0.005–1 V.) The initial 
irreversible capacity loss was due to the formation of passive solid electrolyte 
interface (SEI) layers and / or irreversible lithium insertion.64,152 The 
reversibility of the capacity was significantly improved, with a coulumbic 
efficiency of 93.6% in the second cycle. There was no obvious fading in 
charging capacity at the end of five cycles. The Ge@CNT composite also 
exhibited long-term stability, as shown in Figure 4.6 (b).The capacities were 
well retained for various charge / discharge rates up to 1.875 C. For example, 
the specific capacities after 100 cycles at 0.625 C and 1 C were 1216 mAh g-1 
and 1124 mAh g-1, respectively. The capacity retention values after 100 cycles 
at 0.625 C and 1 C were 97.8% and 100%, respectively. The specific charging 
capacity after 200 cycles at 1.875 C was 975 mAh g-1 with capacity retention 
of 92%.  
4.3.4 Structural change in the Ge@CNT composite during lithiation / 
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delithiation, using a TEM coin-cell configuration 
 
Figure 4.7. Illustration of the TEM coin-cell configuration. 
Stress-induced pulverisation due to volume swing has been reported to be the 
main cause of degradation in Ge-based batteries, and thus a direct visualisation 
of the rearrangement process may provide insights into stress points in the 
structure.60-66 In this paper, structural changes in the Ge@CNT composite 
during lithiation / delithiation were studied using a TEM coin-cell 
configuration.357 As illustrated in Figure 4.7, the Ge@CNT composite was 
first loaded onto a TEM grid, and the entire structure was then incorporated 
into a conventional coin cell, which was subjected to galvanostatic charging / 
discharging (0.2 C). The charge / discharge process was interrupted at different 
stages and the TEM grids were disassembled from the cell for TEM 
characterisation. This method minimises damage to the sample during 
preparation, as direct viewing is possible without mechanical agitation or 
dispersion of solutions.  
The TEM observations revealed a dynamic structural rearrangement of the Ge 




Figure 4.8. Structural change in the Ge@CNT composite during the first 
lithiation / delithiation cycle. (a),(d) TEM and (b) STEM images of the 
Ge@CNT composite, and (c) elemental mapping across line M1 in the 
Ge@CNT composite at full lithiation where an interfacial layer with reduced 
Ge density is indicated by the red arrows; (e),(h) TEM and (f) STEM images 
of the Ge@CNT composite at full delithiation; (g) SAED pattern for the 
Ge@CNT composite, showing that it is amorphous with Ge crystalline 
‘islands’ dispersed within; (i) elemental mapping across line M2 in the 
Ge@CNT composite at full delithiation, where a buffer zone is indicated by 
the blue arrows. At full lithiation there is a 10 nm interfacial layer between the 
Ge NRs and the carbon layers, with a lower Ge density based on STEM and 
elemental mapping. At full delithiation, parts of the Ge NRs contract from the 
carbon layers and a buffer zone is created.  
-logy of the Ge@CNT composite was very well preserved throughout the 
lithiation (Figure 4.8 (a)–(c)) and delithiation (Figure 4.8 (d)–(h)) cycles. The 
carbon sheath over the Ge ensured that electrical contact was maintained 
throughout the lithiation / delithiation processes. Second, rather than isotropic 
volume expansion, the confinement of the Ge within the carbon walls meant 
that volume expansion occurred along the axis of the carbon wall, with the 
latter acting as a supporting scaffold. In the initial discharging to 0.17 V, about 
half of the capacity was delivered and the bulk of the Ge NRs were alloyed 
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with Li to become an amorphous Li2.26Ge phase (as later verified by NMR) 
(Figure 4.9 (a),(b)). As shown in the TEM image in Figure 4.8 (d), at full 
lithiation the amorphous phase was transformed into a crystalline Li15Ge4 
phase (verified by ex-situ XRD, as discussed below). As verified by STEM 
(Figure 4.8 (b)) and elemental mapping (Figure 4.8 (c)), at this point, a 10 nm 
amorphous Li–Ge phase (indicated by red arrows to show Ge with a relative 
lower distribution) also formed between the CNT walls and the crystalline 
Li15Ge4 phase. We have showed above that the as-grown Ge@CNT composite 
had a well-defined crystalline interface between the CNT and the Ge (Figure 
 
Figure 4.9. TEM images of Ge @ CNT first (a),(b)discharged to 0.17V and 
(c),(d)charged to 0.5V. 
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4.5 (g)); the alloying process created this buffer zone at the interface. Upon 
delithiation (charging to 0.5 V), the alloy was converted back to a mostly 
amorphous lithium germanide phase (Figure 4.9 (c),(d)). Importantly, at the 
end of delithiation (charging to 1 V), a contraction of the de-alloyed Ge from  
 
Figure 4.10. (a) TEM images of the two types of lithium diffusion paths 
(either through the tips or from defects at the sidewall) observed in the partial 
lithiated Ge@CNT (discharged to 0.22 V at 0.2 C); High resolution TEM 
images showing Li+ entry site (b) reaction interface “1” near the tip, (c) 
interface “2” at the side wall; (d) initial stage of reaction interface between Ge 
and CNT and (e) intersection of two reacted interfaces traps some unlithiated 
Ge crystallines. 
the carbon wall was apparent. Figure 4.8 (f),(g) shows that the de-alloyed Ge 
became largely amorphous, with several crystalline Ge ‘islands’ dispersed 
within it. As shown in Figure 4.10, 4.11, different from the single-sharp 
lithiation interface observed in previous in-situ TEM studies,160,168,169 there are 
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two crossing reaction interfaces have been observed at the initial lithiation 
process: (1) starting from tip of Ge@CNT to the end; (2) starting from the 
interface of Ge-CNT to the middle. These two reaction interfaces seem to be 
consistent with the two possible lithium diffusion pathways as mentioned 
before: (1) tips covered by only 2-3 layers of carbon, (2) random defects or 
disorder ‘gaps’ between graphitic sheets on CNTs. Incidentally, around the 
interactive area of the two interfaces, some Ge crystallines will be left since it 
is kinetically more favorable to lithiate Ge clusters and form isolated Ge ions, 
or smaller clusters (amorphous Li-Ge phases), than to break up the unreacted  
 
Figure 4.11. Schematic illustration showing the insertion pathways for Li+ 
from the tip region and side wall region during the initial lithiation of 
Ge@CNT. 
framework in this local regions.169,363 Similarly to the mechanism proposed for 
the nucleation of amorphous Si clusters from existing seeds or defects, the 
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presence of these Ge nanocrystals may act as seeds for the growth of 
amorphous Ge domains after Li+ have diffused away.363 The amorphous Ge 
domains are believed to allow more facile alloying reaction kinetics in 
subsequent cycles as it will be easier to achieve Li+ insertion in a loose Ge 
tetrahedral network.165 According to the TEM image (Figure 4.8 (h)) and the 
elemental mapping profile (Figure 4.8 (i)), a 10 nm buffer zone (indicated by 
blue arrows to show empty carbon sheath without Ge) was present throughout 
the lithiation and delithiation cycles. This buffer zone is believed to 
accommodate the stress associated with volume change during (de)lithiation 
cycles. Due to its loose structure, it would have been destroyed in the 
electrolyte if it had not been protected by the carbon wall. 
 
Figure 4.12. Nyquist plots of Ge@CNT (a) before cycle and (b) after 100 
cycles. 
Finally, we observed that the crystal structure of CNTs remained intact after 
delithiation (inset in Figure 4.8 (h)), ensuring good levels of electron transport 
during long-term cycling at a high rate (see Figure 4.12 for well-preserved 
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electrical conductivity after multiple cycles).  
4.3.5 Reversible amorphous-to-crystalline transition of the Ge@CNT 
composite during lithium cycling: X-ray diffraction study. 
According to previous XRD studies,356 the lithiation mechanism in Ge occurs 
via four distinct crystal phases, Li9Ge4, Li7Ge2 and Li15Ge4/Li22Ge5, although 
XRD is not capable of detecting the presence of the amorphous alloy phase. To 
investigate the amorphous-to-crystalline transition of the Ge@CNT composite 
during lithium cycling, ex-situ XRD analyses were performed at selected 
potentials as indicated in the first discharge/charge voltage plot (Figure 4.13 
(a)). At the first discharge to 0.17 V, the crystalline diffraction peaks of Ge 
(XRD1, Figure 4.13 (b)) vanished. At 0.11 V, near the end of discharge, peaks 
attributable to crystalline Li15Ge4 phase appeared (XRD3). There were no new 
crystalline phases at the end of the discharge (XRD4). Upon delithiation, the 
crystalline phase was quickly converted to the amorphous phase at the 
charging stages of 0.5 V (XRD5) and 1 V (XRD6). At the end of the second 
discharge, the Li15Ge4 crystalline phase was observed to re-appear (XRD8). 
These observations suggest a reversible amorphous-to-crystalline transition 
during the lithium cycling of the Ge@CNT composite: upon first lithiation, 




Figure 4.13. Reversible amorphous-crystalline transitions during the lithiation 
/ delithiation of Ge@CNT. (a) First cycle voltage plot of Ge@CNT at 0.2 C to 
indicate stages where XRD was measured; (b) Stacked X-ray diffraction 
patterns collected from Ge@CNT composite electrode during the first 
discharge / charge cycle (XRD1-XRD8), re-discharge to 0.005V (XRD9) and 
charge to 1 V after 200 cycles (XRD10). Reversible amorphous-crystalline 
transition is revealed during the lithiation and delithiation of Ge@CNT. There 
is no Li22Ge5 crystalline phase shown in all the XRD spectra. The reference 
patterns for Li15Ge4 (red; JCPDS card NO.89-3034), Ge (blue; JCPDS card 
NO.89-5011) and Li22Ge5 (dark yellow; JCPDS card NO.17-0402) are 
indicated as bars in the Figure. The diffraction peaks of Mylar seal film and 
the copper current collector are indicated in the figure. 
transforms into the ccrystalline Li15Ge4 phase; upon delithiation, the 
crystalline Li15Ge4 phase changes into amorphous LixGe or Ge. As seen in the 
TEM images in Figure 4.10 (e), amorphous and crystalline phases co-existed 
during the inter-conversion. Note that the reaction kinetics of the Ge@CNT 
composite were much faster than those of Si;101 thus, after one cycle, almost 
all of the active mass involved in the electrochemical reaction became 
amorphous upon delithiation. In subsequent cycles, the reversible 
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amorphous-to-crystalline transition between amorphous Ge and crystalline 
Li15Ge4 continued during alloying and dealloying. 
4.3.6 Lithium germanide alloy phase transformation in the Ge@CNT 
composite during lithium cycling: in-situ 7Li NMR study 
To understand the detailed local structural evolution, an in-situ 7Li NMR study 
was performed. An operando identification of the lithium germanide phases 
under various cycling regimens permitted understanding of the kinetics of 
phase transition between different structural phases, including the amorphous 
phases, and how these correlated with capacity retention. Combining data 
from TEM and in-situ 7Li NMR, we discovered that the phase inter-conversion 
during cycling was mediated by co-existing amorphous and crystalline phases, 
and that the high capacity observed was correlated with an over-lithiated 
lithium germanide phase. 
 
Figure 4.14. Illustration of the (a) in-situ NMR battery holder and (b) in-situ 




Figure 4.15. Colour-mapped in-situ 7Li NMR spectra of Ge@CNT during 
lithiation and delithiation cycles. 
The experimental design of the in-situ 7Li NMR experiments is illustrated in 
Figure 4.14; and the experiments on the Ge@CNT composite were performed 
at 0.2C between 0.005 V and 1 V. In Figure 4.15, 4.16, a series of in-situ NMR 
spectra is plotted. Generally, four 7Li resonances, centred at 24 ppm, 13 ppm, 
10 ppm and -24 ppm (marked R1, R2, R3 and R4, respectively) were 
identified in addition to the 7Li resonance of the electrolyte and the SEI peak 
centred around 0 ppm.359,364 
According to the evolution of resonance peaks R1–R4 (see Table 1) during the 
discharge / charge process, lithiation was judged to proceed in four stages as 
given in equation 4.1. 
c-Ge    a-Li2.26Ge     a-Li3.5Ge     c-Li15Ge4 + a-Li3.5Ge     
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c-Li15+ƟGe4 (metastable) + a-Li3.5Ge (metastable)  (4.1) 










Crystal property Observed by 





R2 Li3.5Ge 13 0.14/1086 NMR (in-situ 
7Li) 






R4 Li15+ƟGe4 -24 0.005/1653 Over-lithiated NMR (in-situ 
7Li) 
* The capacities of carbon lithiation and the initial formation of SEI passivation layers 
have been subtracted. 
During the first discharge (Figure 4.16 (a)), there was no obvious change in 
the spectra until 0.26 V,359 due to carbon lithiation and the initial formation of 
passive SEI layers.165 The R1 peak at 0.17 V was attributed to the amorphous 
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a-Li2.26Ge phase or another early amorphous lithiated phase of Ge (as no XRD 
peaks were observed in the ex-situ study at this point and after the capacity of 
the carbon process and the initial formation of the SEI were subtracted: 
1184-345 = 839 mAh g-1, equivalent to 2.26 Li+ inserted per Ge, this phase 
agreed well with c-Li9Ge4356). 
 
Figure 4.16. Stacked in-situ 7Li NMR spectra of the Ge@CNT composite 
obtained during the first two galvanostatic discharge / charge cycles: (b) First 
cycle; (c) second cycle. Along with the lithiation / delithiation cycles, four 7Li 
resonances centred at 24 ppm, 13 ppm, 10 ppm and -24 ppm (marked R1, R2, 
R3 and R4, respectively) were identified and monitored together with the 7Li 
resonance of the electrolyte and that of the SEI centred around 0 ppm. The 
high Li-shield phase (R4) was attributed to an over-lithiated Li15+ƟGe4 phase. 
At around 0.14 V, an R2 peak emerged in the spectra, reflecting the 
transformation of a-Li2.26Ge to a-Li3.5Ge (based on the calculation of the peak 
area ratio of R1 / R2 = 0.45 and the corresponding capacity). The phase was 
similar to the previous ex-situ XRD observation of c-Li7Ge2,356 but our XRD 
study (Figure 4.13 XRD4) did not observe any crystalline phases and hence 
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we denoted this as an amorphous phase. It is plausible that in previous studies 
exposure to air for a long period may have resulted in the transition from an 
amorphous to a crystalline phase.153,356 Upon discharging to 0.11 V, a new 
resonance R3 peak appeared at the discharging capacity of 1325 mAh g-1 (3.6 
Li+ reacted with per Ge). According to XRD (Figure 4.13) and TEM 
observations, this phase should be assigned to Li15Ge4 (3.75 Li+ reacted per 
Ge).153 After careful investigation of the NMR spectra, we did not find a 
pronounced peaking point for R2, indicating that transformation from Li2.26Ge 
to Li15Ge4 through Li3.5Ge may be a non-linear process. At the end of the 
discharge, a new resonance appeared at -24 ppm (R4) at 0.07 V, accompanied 
by a loss of R3 intensity, although ex-situ XRD confirmed that an Li15Ge4 
crystalline structure was still present (Figure 4.13).153 Peak R4 was strongest 
in intensity at the end of the discharge, at ~1653 mAh g-1. We assigned R4 to 
the over-lithiated phase Li15+ƟGe4 (0 < Ɵ < 1, according to the second 
discharging capacity of 1468 mAh g-1 101). This assignment is analogous to 
over-lithiated lithium silicide phases found previously, but with a better 
resolution observed here.165 At the end of the first discharge, we found that R2 
re-appeared in the spectra accompanied by the vanishing of R3. We believe 
that the conversion of the a-Li3.5Ge phase to the c-Li15Ge4 phase is incomplete 
during lithiation. The stoichiometric phase of Li3.6Ge at 0.11 V consists of 
both Li3.5Ge and Li15Ge4 phases, suggesting that there may be a kinetic barrier 
to Li15Ge4 (crystalline phase) formation from Li3.5Ge (amorphous phase).165 
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Consequently, at the end of lithiation the electrode material should be a 
mixture of the a-Li3.5Ge phase and the over-lithiated phase c-Li15+ƟGe4 (see 
Figure 4.8 (d), a TEM image of the grid discharged to 0.005 V) rather than 
single crystalline Li15Ge4 or over-lithiated Li15+ƟGe4 phases.153,165,360 The 
existence of a-Li3.5Ge may further reduce the kinetic barrier for the 
transformation of c-Li15+ƟGe4 to a-LixGe upon delithiation,363 which may help 
to reduce the ‘over-potential’ between lithiation and delithiation.  
 
Figure 4.17. Stacked in-situ 7Li NMR spectra of the Ge@CNT composite for 
the ‘electrical-off’ experiment at the end of the third galvanostatic charge / 
discharge cycle. Once discharging had been completed at the end of the third 
cycle, the cell was maintained at 0.005 V for 1 h. After the external electrical 
contact was then removed, the over-lithiated Li15+ƟGe4 phase vanished 
immediately. The broadening and positive shifting of the over-lithiated phase 
peak may be attributed to the amorphisation of Ge (see Figure 4.8 f,g,h), 
which may speed the reaction kinetics of lithiation /delithiation. 
In the charging process, the R4 peak disappeared completely by 0.42 V while 
the R2 resonance became pronounced. Before the end of delithiation, the 
resonance shifted to high frequencies at R1, indicating a rapid delithiation 
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process in a short potential window. In the second cycle (Figure 4.16 (b)), the 
phase transformation appeared to be similar to the first cycle except that R1 
(Li2.26Ge) occurred at a somewhat more positive potential during lithiation 
(0.25 V) and R4 (Li15+ƟGe4) was converted to R2 (Li3.5Ge) more rapidly upon 
delithiation (0.005–0.37 V). These differences may be attributed to the 
amorphous property of Ge upon delithiation (see Figure 4.8 (f)-(h)), which 
speeds up the reaction kinetics of (de)lithiation.165 
Interestingly, peaks R2 and R4 in the 7Li NMR spectra at 0.005 V at the end of 
the second and third lithiations (0.005 V, Figure 4.17 (i)) appeared to 
interconvert in a highly reversible manner, suggesting the robustness of the 
phase transformation; this was in good agreement with the highly reversible 
electrochemical performance observed previously. The formation of the 
over-lithiated phase Li15+ƟGe4 and the amorphous phase Li3.5Ge seemed to be 
a terminal process once the cell reached the end of the third discharge, as no 
significant change was observed in the spectra even when the cell potential 
was maintained at 0.005 V for 1 hour (Figure 4.17 (ii)). It is important to note 
that both phases vanished quickly once the electrical contact was removed 
(Figure 4.17 (iii)–(v)), indicating that these two phases are electrically driven, 
metastable phases. The good reversibility in the charge / discharge cycles 
observed using 7Li NMR was consistent with the observed battery 
performance; and we can infer that the ability of the Ge@CNT composite to 




The electrically driven, reversible inter-conversion and co-existence of 
amorphous Li3.5Ge and crystalline Li15Ge4 / over-lithiated Li15+ƟGe4 phase is a 
key electrochemical process underpinning the superior battery performance of 
Ge@CNT. The existence of the amorphous phase reduces the activation 
energy for lithium insertion and facilitates the re-crystallization of Li15Ge4 and 
extra insertion of Li+ to form over-lithiated phase. The formation of the 
over-lithiated phase allows the capacity of Ge@CNT to exceed the theoretical 
limitation of 1385 mAh g-1,153 which is based on Li15Ge4 as the terminal phase. 
Li15Ge4 is an unusual electron-deficient phase which lacks one electron per 
formula unit (Li+15Ge3.75-4),360 thus it can accommodate extra charges. It has 
been reported that extra Li ions can be stored based on a “job sharing” 
mechanism in the crystalline defects or amorphous-crystalline interface.140 
Upon delithiation, there exists a kinetic barrier for the formation of a-Ge from 
crystalline Li15Ge4, since Ge-Ge bonds have been disrupted during the 
alloying. The existence of a-Li3.5Ge (still have some Ge-Ge clusters left) as 
well as sparsely distributed crystalline Ge nano-domains (observed in TEM) 
help to nucleate larger Ge domains / eventually the amorphous a-Ge phase and 
reduces the overpotential needed in the phase conversion. 363 Along with 
enhanced electrical conductivity provided by CNT, the improved 
ion-associated reaction kinetics facilitates reversibility of Ge@CNT especially 




In conclusion, we have synthesized Ge NRs encapsulated by bamboo type 
multiwall CNTs. Ge@CNT delivers high capacity, superior rate capability and 
good cycle stability. The unique structure of the CNT scaffold mechanically 
protects the Ge NRs from drastic volume swing during delithiation processes 
and provides an effective model for multi-probe studies (TEM, XRD and 
in-situ NMR). Structural studies using TEM using coin cell configuration, 
X-ray diffraction and in-situ 7Li NMR studies reveal that the reversibility of Li 
delithiation in Ge@CNT during cycling is mediated by co-existing amorphous 
and crystalline phases. The high capacity observed may be related to 
electrically driven, metastable, over-lithiated Li-Ge alloy, whose existence and 
reversibility depends on robust electrical interfaces afforded by the carbon 
walls encapsulating the Ge. The design and synthesis of such core-shell 
structure affords a generic strategy for protecting structurally unstable alloy 
phases in high energy and power density LIBs.  
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Chapter 5 High-performance NaFePO4 formed by Aqueous 
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Recently, several types of insertion materials have been implemented as 
cathode materials in sodium ion batteries. They can be classified as layered 
transition metal (TM) oxides,248-250,255,365-368 tunnel-type oxides,263,264,369,370 
phosphates, 272,275,280,282,300,371-377 fluorides378,379 and organic components.380-384 
Among them, iron-based phosphates have attracted the most attention because 
of the abundant and eco-friendly properties of Fe, as well as its ability to form 
compounds with Na.270 
Yamada et al, Nazar et al, Chio et al and Kang et al have investigated the 
sodium electrochemistry of iron-based phosphate independently, such as 
Na2FeP2O7,271 Na2FePO4F,272 Na4Fe3(PO4)2(P2O7)273 and NaFePO4.270 Among 
the reported iron-based phosphates, olivine NaFePO4 possesses the highest 
theoretical capacity (154 mAh g-1) because of its light framework.270,274 
However, olivine NaFePO4 is not the thermodynamically stable phase and 
cannot be obtained using traditional solid-state synthesis, whereas the 
thermodynamically favored maricite phase has a close framework which 
disallows Na ion diffusion.276,277  Using an ion exchange method, olivine 
phase NaFePO4 was typically synthesized via organic-based electrochemical 
insertion of sodium ions into chemical or electrochemical delithaited 
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FePO4.275,278-282 This process is usually performed through a two-step 
procedure, involving firstly the delithiation of LiFePO4 in an organic lithium 
cell by organic chemical oxidation, and secondly the use of the delithiated 
electrode (FePO4) in a new cell, where lithium metal was replaced by sodium 
metal as the anode. The phase evolution of electrochemically synthesized 
NaxFePO4 during sodiation / desodiation have been studied by Yamada et 
al,278 Casas-Cabanas et al279,280 and Moreau et al.275,284 One observation is that 
charge / discharge behavior of NaFePO4 is asymmetric, which is manifested 
by a two-plateau charging plot. It was inferred that the desodiation process of 
NaFePO4 involved the sequential transition between a solid-solid reaction and 
a biphasic reaction, through an intermediate Na2/3FePO4 phase. Casas-Cabanas 
et al found the simultaneous existence of three phases: FePO4, Na2/3FePO4, 
and NaFePO4 during discharge.279,280 However, previously reported olivine 
NaFePO4 only has a capacity less than 100 - 120 mAh g-1 (theoretical value 
154 mAh g-1), which degrades after 100 cycles.283 Despite the restricted 
performance, the limited purity of the NaFePO4 may hinder the further study 
of its sodiation / desodiation behavior. Up to date, the reasons for this remain 
unclear. Furthermore, for safe operation, it is necessary to avoid the use of 
sodium metal in the ion-exchange process.276 
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Herein, we investigate an aqueous-based electrochemical-driven ion-exchange 
process to transform olivine LiFePO4 into highly pure olivine NaFePO4. 
Besides the advantage of not generating dangerous byproducts, improved 
electrochemical performance was obtained compared to the organic-based 
exchange systems. A theoretical study of the Na+ / Li+ migration process in the 
aqueous and organic electrolytes and the electrolyte / cathode interface was 
carried out to understand the origins of the superior ion-exchange in aqueous 
electrolyte. To understand the staging phenomena when the host material 
buffer mechanical strain, the sodium insertion / extraction mechanism in 
olivine NaFePO4 synthesized by this method was also investigated by 
Operando Fe K-edge X-ray absorption near edge structure (XANES). 
Together with XRD studies, biphasic separation of NaFePO4 and Na2/3FePO4 
during equilibrium stage upon sodiation was observed. 
5.2 Experimental Methodology 
5.2.1 Electrochemical driven ion-exchange process 
LiFePO4 powder was received from NanoChem Systems (Suzhou) without 
further treatment before use. The electrode film was fabricated using a mixture 
of LiFePO4 powder (70 wt%), Vapor Grown Carbon Fiber (VGCF) (20 wt%), 
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and polyvinylidene fluoride (10 wt%) in N-methylpyrrolidinon solution. The 
resulting slurry was cast onto Al foil using a doctor blade to have a loading 
level of around 3 mg cm-2 followed by dried at 80 °C under a vacuum 
overnight. The electrochemical driven ion-exchange from LiFePO4 to 
NaFePO4 was carried out in a three-electrode break cell with a SCE and a 
Platinum piece as a reference and counter electrode, respectively. The 
electrolyte was composed of 0.5 M Li2SO4 or Na2SO4 (99.5%, Alfa Aesar) in 
distilled water. The LiFePO4 electrode was cut into 5 x 4 cm pieces and 
galvanostatically delithiated to be FePO4 at a 2.5 C rate (1 C = 170 mA g−1) to 
0.55 V (vs. SCE) in Li2SO4 electrolyte; after soaked in and washed by distilled 
water for three times, the same electrode (FePO4) was directly 
galvanostatically sodiated at 0.5 C (1 C = 170 mA g−1 based on the mass of 
LiFePO4) to -0.9 V (vs. SCE) in Na2SO4 electrolyte to be olivine NaFePO4. 
The obtained NaFePO4 electrode was washed by distilled water followed by 
dry at 80 °C under a vacuum overnight. For all the electrodes in the 
ion-exchange process the applied current and the resulting capacity were 
calculated from weight of the pristine LiFePO4 electrode. Organic 
ion-exchange process was process following the reported classic process:281 
the LiFePO4 electrode was galvanostatically delithiated at a 0.1 C rate (1 C = 
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170 mA g−1) to 4.2 V and then held at this voltage until the current reached a 
limit corresponding to a C/100 rate, this to assure the complete FePO4 
formation process. The cell was then disassembled and the electrode washed 
using DMC (dimethyl carbonate) for three times in argon-filled glove box 
(soaked for at least 1 hr every time). The electrode was then transferred to a 
coin-type cell (R-2016) using a Na metal anode (Sigma-Aldrich) and a 1M 
NaClO4 in a propylene carbonate (PC) / ethylene carbonate (EC) (1:1 in 
volume) electrolyte with 5% fluoro ethylene carbonate (FEC) (Tokyo 
Chemical Industry Co., Ltd) as electrolyte; and the electrochemical formation 
of the NaFePO4 proceeded by galvanostatic reduction until 2.0 V vs. Na/Na+ at 
a constant current of 0.1 C (1 C = 154 mAg−1). 
5.2.2 Materials and electrochemical characterizations  
Materials characterizations: Wide-angle X-ray diffraction (XRD) patterns 
were collected on Bruker D8 Focus Powder X-ray diffractometer using Cu Kα 
radiation (40 kV, 40 mA). Scanning electron microscopy (SEM) analysis was 
performed on JEOL-6701F SEM. Transmission electron microscopy (TEM) 
analysis was performed on an FEI Titan 80-300 S/TEM (Scanning 
/Transmission Electron Microscope) operated at 200 kV. The elemental maps 
were obtained by the three-window method using Gatan Image Filter (GIF). 
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Ex-situ XRD experiments have been conducted. At different stages, electrodes 
were collected by disassembling the coin cells in Argon-filled glove box 
quickly. After rinsed in DMC (dimethyl carbonate), the electrodes were sealed 
in Kapton Tapes in Ar-filled glove box and sent to XRD characterization. 
Determination of metals (Li, Na, Fe) in solutions was conducted on Dual-view 
Optima 5300 DV ICP-OES system for identification and differentiation of 
elemental metals down to ppb levels.  
Electrochemical measurement: The NaFePO4 electrode was then assembled in 
a coin-type cell (R-2016) with pure sodium foil (Sigma-Aldrich) as the 
counter electrode, and a glass fiber as the separator in an argon-filled glove 
box (MBraun, Germany, O2 < 1ppm, H2O < 1ppm). The electrolyte is 1M 
NaClO4 in a propylene carbonate (PC) / ethylene carbonate (EC) (1:1 in 
volume) electrolyte with 5% fluoro ethylene carbonate (FEC) (Tokyo 
Chemical Industry Co., Ltd) as additives. The charge and discharge 
measurements were carried out on a Land BT2000 battery test system in 
voltage ranges of 2 – 4 V under room temperature. The hard carbon was 
received from Morgan AM&T Hairong Co., LTD. without further treatment. 
The mass balance between cathode and anode in full cell was fixed to 1:1.2. 
Due to large irreversible capacity, the anode was pre-active for one cycle in 
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half-cell before assembled into full cell. All galvanostatic charge / discharge 
tests were carried out with on a Newware CT-3008W battery test system and 
BitrodeCorp. St. Louis Mo USA. Model: MCV 16-0.5 / 0.01-5 battery test 
station. Cyclic voltammetry and electrochemical impedance spectroscopy (EIS) 
were carried on cells using Autolab PGSTAT30 digital potentiostat / 
galvanostat at room temperature.  
5.2.3 In-situ XAS experimental details 
The Fe k-edge XAFS experiment was performed at XAFCA beamline (J. 
Synchrotron Rad. 2015, 22, 839), Singapore Synchrotron Light Source (SSLS). 
The electron storage ring of SSLS is operated with an energy of 0.7 GeV with 
normally current of 200 – 300 mA. Transmission mode was applied. The 
Na//NaFePO4 coin cells with holes (D = 5 mm) at the centre were assembled 
for the in perando XAFS study. The holes were sealed using Kapton tapes, 
which allowed the X-rays through but prevented air from entering the cell. 
Especially, 50 nm Al thin film was coated on the sealed Kapton tapes by 
thermal evaporator since sodium is much more sensitive with moisture / air 
than lithium. The thickness of Al film has been optimized to get the best result 
(caution! Without Al coating layer, the in-situ cell will degrade quickly in 
testing). To avoid the significant absorption of X-ray by glass fiber, a 
 138 
waterman filter paper was used as separator in Na / NaFePO4 cell. The 
operando X-ray absorption near edge structure (XANES) study performed at 
the Fe K-edge to monitor the change of the valence state of the Fe in the 
cathode material. XANES and extended X-ray absorption fine structure 
(EXAFS) data reduction followed standard methods using the ATHENA 
software package (J. Synchrotron Rad. 2005, 12, 537). 
5.2.4 The desolvation and adsorption process for extracting M-ion 
(M=Li, Na) from solvated M-ion in electrolytes to FePO4 surface  
5.2.4.1 The desolvation process 
The desolvation process for hydrated M-ion in aqueous solution is described 
as: 
M+(H2O)n (aq) → M+(H2O)n-1 (aq) + H2O (aq)                                    
(5.1) 
The successive detaching energy in equation 5.1 is defined as:  
ΔEn,n-1_H2O=E[M+(H2O)n]aq–E[M+(H2O)n-1]aq – E(H2O)aq                      
(5.2) 
where E[M+(H2O)n]aq, E[M+(H2O)n-1]aq, and E(H2O)aq denote the total energies 
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of M+(H2O)n, M+(H2O)n-1, and H2O in the experimental electrolytes, 
respectively. 
Because the energy difference related to H2O between the aqueous and the 
isolate state (the separated molecule or cluster in vacuum) could be canceled 
out in equation 5.2, the above equation could express as the following 
equation: 
ΔEn,n-1_H2O=E[M+(H2O)n]iso– E[M+(H2O)n-1]iso – E(H2O)                    
(5.3) 
where E[M+(H2O)n]iso, E[M+(H2O)n-1]iso, and E(H2O)iso denote the total 
energies of isolated M+(H2O)n, M+(H2O)n-1, and H2O, respectively.  
Previous theoretical results show that the hydrated M-ion in aqueous solution 
has a two-shell structure.385,386 The inner sphere is Li+(H2O)4 (four H2O 
molecules bonded with the Li-ion) and Na+(H2O)6 (six H2O molecules bonded 
with the Na-ion) for Li and Na, respectively. Each H2O molecule of the second 
solvation shell is hydrogen-bonded to the waters of the inner shell. The 
detaching energy is calculated based on the system with only the inner shell 
(Li+(H2O)4 and Na+(H2O)6) because the hydrogen bonds is nontrivial 
comparing with M-OH2O bonds.   
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The solvated M-ion in EC electrolyte also has a two-shell structure similar to 
aqueous solution. The inner shell is composed of four EC forming M+(EC)4, 
and the outer shell is composed of several surrounded EC molecules.387,388 The 
desolvation process and the calculation of successive detaching energy for 
solvated Li-ions in the organic electrolyte (EC) are similar to those for the 
hydrated Li-ion in aqueous electrolyte. 
Since the Vienna ab initio simulation package (VASP) (plane wave basis) can’t 
handle the localized charge in a system well due to the long range screening 
effect, all the calculation about the desolvation process are performed using 
Gaussian 03 package (atomic orbital basis) with HF/6-31+G*(d) basis.389  
5.2.4.2 The adsorption process 
The adsorption process for extracting M-ion from solvated M-ion in 
electrolytes into FePO4 surface is described as: 
M+(H2O)2 (aq) + e- + (FePO4)n(H2O) → M(FePO4)n(H2O)3                              
(5.4) 
The reaction energy for equation 5.4 is defined as: 
ΔG=G[M(FePO4)n(H2O)3]aq–G[(FePO4)n(H2O)]aq–G[M+(H2O)2]aq–G[e-]         
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(5.5) 
According to the work from Manna et al,390 the reaction energy can be further 
expressed as: 
ΔG= G[M(FePO4)n(H2O)3]aq–G[(FePO4)n(H2O)]aq–G[M+(H2O)2]aq–EF          
(5.6) 
Where E is the standard hydrogen potential, F is Faraday’s constant. 
M+(H2O)2 on the FePO4 surface has the similar surrounding as the solvent M+ 
in the electrolyte with the tails (…O–H) forming the hydrogen bonds with the 
solvent. As a result, we can use the reaction energy calculated in gas phase to 
be the approximate value for the reaction energy in liquid phase. 
ΔG= G[M(FePO4)n(H2O)3]–G[(FePO4)n(H2O)]–G[M+(H2O)2]–EF              
(5.7) 
Similarly, adsorption process of the solvated M-ion in EC can be described as: 
M+(EC)(lq) + e- + (FePO4)n → Li(FePO4)n(EC)                                           
(5.8) 
We get the reaction energy as 
ΔG = G[M(FePO4)n(EC)] – G[(FePO4)n] – G[M+EC] – EF                           
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(5.9) 
In the adsorption process, G[FePO4], G[(FePO4)n(H2O)], G[M(FePO4)n(H2O)3] 
and G[M(FePO4)n(EC)] are calculated with the VASP. The plane-wave 
projector-augmented wave method is used with an energy cut-off of 520 eV. 
The Perdew-Burke-Ernzerhof (PBE) form of the generalized gradient 
approximation (GGA) was chosen as the exchange-correlation potential. 
PBE+U approach is employed with the U value of 5.3 eV for Fe because of 
the strong on-site Coulomb interaction in the localized 3d electrons.391 The 
FePO4 (010) slab model is constructed from a 1×2×2 supercell and separated 
by a vacuum region of 12 Å. 
G[M+(H2O)2] and G[M+EC] are calculated using equations as follows: 
G[M+(H2O)2]=G[M+]+2G[(H2O)]+ ΔE2, 1_H2O +ΔE1,1_H2O                            
(5.10) 
G[M+EC]= G[M+]+G[EC]+ΔE1,0_EC                                                     
(5.11) 
Where G[(H2O)] and G[EC] are calculated using VASP with the molecular 
placed in the same super-cell FePO4 (010) to cancel the energy difference 
related to H2O in equation 5.7 and EC in equation 5.9. Since VASP package 
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can’t well handle the ionic system, G[M+] is derived from the experimental 
Gibbs free energy for M+(aq) from because the difference between the DFT 
results and the experimental ones is trivial.392,393 
5.3 Results and discussion 
5.3.1 Aqueous ion-exchange synthesis of NaFePO4 and its 
characterizations  
As shown in Figure 5.1, the electrochemical driven aqueous ion-exchanging of 
commercial olivine LiFePO4 into NaFePO4 was carried out in a 
three-electrode electrochemical system with a SCE (saturated calomel 
electrode) and a platinum electrode as the reference and counter electrode, 
respectively. Firstly, the LiFePO4 electrode was galvanostatically delithiated 
to become FePO4 in aqueous Li2SO4 electrolyte; then the same electrode 
(FePO4) was galvanostatically sodiated to become NaFePO4 in aqueous 
Na2SO4 electrolyte, and directly used as the cathode in SIBs after dry. This 
open-air ion-exchange unit is easy to operate and sustainable since there is no 
requirement for inert atmosphere and no consumption of organic solvent or 
lithium metal, whereas all these are required in the organic ion-exchange 
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system. The lithium ions which have accumulated in the electrolyte following 
the delithiation process can be easily recycled for other applications. 
 
Figure 5.1. Illustration of aqueous electrochemical-driven ion-exchange 
process. 
Figure 5.2 shows the voltage profile of delithiation of olivine LiFePO4, 
evolving on the expected 0.45 V (vs. SHE) plateau and delivering a capacity 
close to the theoretical value of 170 mAh g-1 even at 2.5 C (around 0.4 hr). 
Subsequently, the capacity of 151 mAh g-1 (based on NaFePO4) was delivered  
 
Figure 5.2. Delithiation and sodiation plot in aqueous electrolyte. 
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Figure 5.3. (a) TEM, (b) inverted STEM images of as-prepared NaFePO4 by 
aqueous ion-exchange; (c),(d) TEM images of pristine LiFePO4. 
upon sodation at 0.5 C (around 2 hr), which is also close to the theoretical 
capacity of NaFePO4. Both evidences demonstrate that the ion-exchange 
process, which occurs at 10 times higher rate than the organic-based ion 
exchange process, was completed in aqueous electrolyte.281 Following the 
aqueous-based ion-exchange, the morphology of NaFePO4 was preserved very 
well. TEM (Figure 5.3 (a)) and STEM (Figure 5.3 (b)) show that NaFePO4 
preserves a “many-particle system” of 100-200 nm particles, which is similar  
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Figure 5.4. (a) HRTEM images of as-prepared NaFePO4 by aqueous 
ion-exchange; (b) the simulated atomic configurations of NaFePO4 viewed 
from zone (-1,2,1) matches well with the obtained TEM image. 
to the morphology of pristine LiFePO4 as shown in Figure 5.3 (c) and (d). As 
shown in the HRTEM of NaFePO4 (Figure 5.4 (a)), the (101) and (210) planes 
were clearly observed along the zone axis of (-121). Moreover the atomic 
arrangement revealed in the HRTEM image (Figure 5.4 (a) and (b)) is 
identical to the simulated atomic configuration viewed along (-121) 
orientation. The retention of crystal structure during the transformation from 
LiFePO4 to NaFePO4 can be explained by the strong P-O bonds in olivine 
structure which can accommodate the change in ionic radius from Li+ to 
Na+.33,394 We also noted that after ion-exchange, there was no obvious 
electrochemical corrosion of aluminum foil within this operating potential. 
XRD was used to follow the changes in crystalline phases during the ion 
exchange process. Figure 5.5 (a) shows the XRD patterns of LiFePO4, FePO4 
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Figure 5.5. (a) XRD patterns and (b) XNEAS spectra of pristine LiFePO4, 
as-prepared FePO4 and NaFePO4. 
and NaFePO4 in which no residual peaks of LiFePO4 and FePO4 were 
identified in the synthesized NaFePO4, indicating that LiFePO4 (olivine, 
JSPDS NO. 83-2092) had been delithiated completely to form pure olivine 
FePO4 (heterosite JCPDS card no. 42-0579); and FePO4 was further sodiated 
to transform into pure olivine NaFePO4. The Fe K-edge XANES of LiFePO4, 
FePO4 and NaFePO4 in Figure 5.5 (b) show that the Fe valence in NaFePO4 
and LiFePO4 is almost the same; we can conclude that the olivine LiFePO4 has 
been completely transformed into olivine NaFePO4 by aqueous ion-exchange 
process.  
5.3.2 Proofs of higher purity of NaFePO4 prepared by aqueous 
ion-exchange 
For comparison, NaFePO4 was also prepared following the conventional 
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organic ion-exchange process under different conditions. XRD and ICP were 
used to determine the phase purity of as-prepared samples. In contrary to the 
aqueous ion-exchange process, unsodiated FePO4 and LixFePO4 impurities are 
detected in the as-prepared NaFePO4 by organic ion-exchange (Figure 5.6). 
 
Figure 5.6. XRD patterns / ICP analysis of delithiated FePO4 electrodes and 
as-prepared NaFePO4 electrodes based on organic ion-exchange. 
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ICP test is applied and data shown in Table 5.1 demonstrate that there are 
residual Li ions adsorbed on the FePO4 electrodes delithiated in both organic 
and aqueous eletrolyte. As shown in Table 5.1, the residual Li+ in FePO4 
delithiated in organic electrolyte shown in ICP analysis should be contributed 
to two sources: 1) un-delithiated LiFePO4 due to reaction dynamic (see Figure 
5.6 (i) for the obvious residual LiFePO4 peaks in XRD pattern when 
delithiated at 2.5 C), 2) Li+ adsorbed on the surface of materials. By applying 
a slower delithiated rate (1 C and 0.1 C) and constant voltage charge (0.1 C, 
voltage charge until 0.01 C), the un-lithiated contribution should be neglectful, 
while the residual Li+ may mainly contributed from the surface adsorption. 
The surface Li+ residual indicated by ICP is around 0.19/FePO4. Upon 
sodiation, the adsorption Li+ may co-intercalate into the FePO4 host, inducing 
the impurity of NaFePO4 as shown in XRD pattern (Figure 5.6 (iv) and (v)). 
The ICP determination is consistent with the XRD result while the 
composition of the electrode 0.1 C sodiated with 0.1 C delithiated electrodes 
was analysis to be Na0.610Li0.173FePO4. Similar amount of Li+(0.18-0.19/FePO4) 
was found to be adsorbed on the surface of FePO4 electrodes delithiated in 
aqueous electrolyte as shown in Table 5.1. However, the composition of 
electrode sodiated at 0.5 C with washed 2.5 C delithiated electrode using the 
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aqueous ion-exchange is determined to be Na0.937Li0.05FePO4 (Table 5.1). It is 
obvious that much less residual Li remains and much more Na is sodiated in  
Table 5.1 ICP analysis of delithiated FePO4 electrodes and as-prepared 
NaFePO4 electrodes in different electrolytes 
Organic electrolyte Aqueous electrolyte 
2.5C delithiated 
FePO4 























the aqueous ion-exchange process compared to the organic ion-exchange 
process, keeping well with the previous XRD result where no residual 
LixFePO4 and FePO4 is detected in the aqueous-exchanged NaFePO4. 
Given all the results above, the main reasons of the impurity in NaFePO4 
obtained in organic electrolyte are attributed to the sluggish sodium dynamics 
and co-insertion of residual lithium during the organic ion-exchange process. 
The advantage in the purity of the as-prepared NaFePO4 of the aqueous 
method over the organic method is significant, which can be assgined to the 
much less reintercalation of residual Li and faster sodiation dynamic during 
the aqueous ion-exchange process than the organic one. Further analysis is in 
the following section. 
5.3.3 Theoretical discussion about the ion-exchange dynamics in 
aqueous and organic electrolytes 
To understand the different intercalation kinetics in organic and aqueous 
electrolytes, an atomic level calculation and comparison of Na+ / Li+ energies 
involved in the migration process in the electrolytes and the electrolyte / 
cathode interface is necessary. It is well known that upon dissolution of alkali 
salts, cations form “solvated ions” with solvent molecules.387,395 In the organic 
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case, we studied only EC (ethylene carbonate) despite the existence of DMC 
(dimethyl carbonate) in the practical electrolyte mixture, due to the fact that 
the ion-solvation is dominated by EC.396 Previous theoretical studies show that 
the hydrated M-ion in aqueous solution and solvated M-ion in EC-based 
electrolyte both have a two-shell structure (M = Li, Na).385-388 The inner 
sphere is composed of four EC molecules forming M+(EC)4 or four H2O 
molecules forming M+(H2O)4 with coordination between the lone pair 
electrons of oxygen atoms and M ions (M-O), as shown in Figure 5.7, 5.8. 
Note that, due to the larger radius of sodium, two extra H2O molecules may 
coordinate with Na+ to form Na+(H2O)6.385 In view of the fact that the 
desolvation energy of the first two H2O is quite small (see Table 5.2 for the 
desolvation energies), only Na+(H2O)4 complex is studied here. The outer shell 
is composed of several organic molecules or H2O molecules weakly bonding 
with the inner sphere.385,387  
 
Figure 5.7. The reaction profiles and energy analysis for Li / Na ions transport 
across the FePO4/H2O interfaces. 
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Figure 5.8. The reaction profiles and energy analysis for Li / Na ions transport 
across the FePO4/EC interfaces. 
Table 5.2 Successive detaching energies (eV) of the most stable structures of 
Na+(H2O)n (n = 1-6) and Na+(EC)n (n = 1-4) in liquid phase based on 
HF/6-31+G*(d) method, with the corresponding energies for Li+ listed for 
comparison. 
EC H2O 
Na+ Li+ 395 Na+ Li+ 395 
ΔE6, 5 -- -- 0.25 -- 
ΔE5, 4 -- -- 0.26 -- 
ΔE4, 3 0.41 0.01 0.46 0.51 
ΔE3, 2 0.71 0.42 0.62 0.80 
ΔE2, 1 1.15 1.29 0.79 1.14 
ΔE1, 0 1.46 1.81 0.89 1.32 
The higher conductivity of ions in aqueous electrolytes compared to organic 
electrolyte allows the solvated ions to diffuse faster from the bulk electrolyte 
to the desolvation region near the surface of the electrode in aqueous 
electrolytes.397-400 The transport process (including the desolvation and 
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adsorption processes) at the solid / electrolyte interface was further studied to 
understand the fast dynamics of sodium ions in aqueous electrolytes. Figure 
5.7 and 5.8 provide a possible behavior for Na / Li ions diffusion at close 
proximity of the solid / liquid (organic) interface (the desolvation layer and 
inner-Helmholtz layer). Our DFT study demonstrates that only one EC 
molecule can be adsorbed on a surficial Na-site for NaFePO4 and a surficial 
Fe-site on the (010) surface of FePO4, due to the steric hindrance as shown in 
Figure 5.8-(iv) and (vi), while three H2O and one H2O molecules can be 
adsorbed on the surface of NaFePO4 and FePO4, respectively (Figure 5.7-(iii) 
and (iv)), due to the smaller size of H2O molecule. The surface adsorbed water 
can be easily removed after dried at 80oC before battery fabrication. These 
structures are quite similar with our previous observations in LiFePO4 and 
FePO4.395 To allow a intercalation of one Na+ into FePO4 to form a NaxFePO4 
complex, only two H2O molecules need to be stripped away from its primary 
solvation complex (Na+(H2O)4) (Figure 5.7-(i) and (ii)), followed by the 
approaching of the resultant Na+(H2O)2 into the surface of FePO4 to form 
NaFePO4 as shown in Figure 5.7-(iv). However, in the case of organic 
electrolyte, three EC molecules have to be stripped away from the primary 
solvation sphere (Na+(EC)4) before the resultant Na+(EC) complex can 
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approach the concaves at the surface of FePO4 (as shown in Figure 
5.8-(i),(ii),(iii)). Moreover, the EC molecule adsorbed on the surface of FePO4 
needs to be stripped away before the adsorption of Na+(EC) due to the steric 
hindrance (Figure 5.8-(iv),(v),(vi)). Thus, although the initial desolvation 
energies of two electrolyte molecules for sodium ions in aqueous and organic 
electrolytes are quite similar (ΔE(i) and (ii) as indicated by blue bars), the 
additional desolvation processes (indicated by blue dash box in Figure 5.8) 
required in organic electrolyte may increase the energy barrier for sodium 
intercalation, which is specifically calculated as ΔE(iii) = 1.15 eV and ΔE(v) = 
0.5 eV (blue bars) in Figure 5.8, respectively.  
It is also important to consider the ion-exchange process of Na and Li ions 
upon intercalation, as we found that there are Li ions adsorbed on the 
delithiated electrode in both electrolytes even after careful washing (Table 5.1). 
In the case of aqueous system (Figure 5.7), the desolvation energy for 
Na+(H2O)n is lower than that for Li+(H2O)n in both steps (i) (ΔE(i)Na+= 0.46 eV, 
ΔE(i)Li+= 0.51 eV) and step (ii) (ΔE(ii)Na+= 0.62 eV, ΔE(i)Li+= 0.80 eV), 
indicating that the desolvation process of Na+-solvated ion is easier than that 
of Li+-solvated ion. In addition, the adsorption energy for Na+ (ΔE(iv) = -0.35 
eV) is much larger than Li+ (ΔE(iv) = -0.15 eV). This means that surface 
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adsorbed Li+ will be easily substituted by Na+ when delithiated FePO4 is 
immersed into the sodium-based aqueous electrolyte, resulting in a pure 
sodium intercalation compound subsequently (the ICP results of the aqueous 
intercalated electrode in Table 5.1 only present a neglected lithium ions 
content. ) 
In contrast, in the case of organic-exchanged system (Figure 5.8), the 
desolvation energy for Na+(EC)n is much higher than that for Li+(EC)n in step 
(i) (ΔE(i)Na+= 0.41 eV, ΔE(i)Li+= 0.01 eV) and step (ii) (ΔE(ii)Na+= 0.71 eV, 
ΔE(i)Li+= 0.42 eV), meaning that Li+ desolvation is easier in the first two steps. 
While for step (iii), the desolvation energy for Na+(EC)2 is only slightly lower 
than Li+(EC)2. As a result, residual Li+ will compete with Na+ desolvation. In 
addition, the adsorption energy of Li+ (ΔE(vi)Li+= -0.64 eV) is higher 
compared to that of Na+(ΔE(vi)Na+= -0.46 eV), indicating that Li+ adsorption 
competes with Na+. The competition between Li+ and Na+ upon desolvation 
and adsorption processes may induce the co-intercalation of Li+ originating 
from the residual Li+ of delithiated electrodes in the organic-exchanged 
system. 
Based on these calculations, the competitive intercalation of Li+ can be 
effectively suppressed in aqueous ion-exchange process, while Li+ will 
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co-intercalate into FePO4 in organic ion-exchange process. Indeed, additional 
intercalation of lithium ions into as-prepared FePO4 was previously observed 
without identification in organic ion-exchange process,281 which affects the 
purity of the final product and negatively affects ultimate cycling capability. 
5.3.4 Electrochemical properties of aqueous ion-exchanged NaFePO4 
for Sodium Ion Batteries 
 
Figure 5.9. Electrochemical performance of aqueous ion-exchanged NaFePO4. 
(a) Charge and discharge plots,(b) dQ/dV curves and (c) cyclability at 0.1 C. 
(d) Photo shows the lighting of one white LED powered by the aqueous 
ion-exchanged NaFePO4 battery. 
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The sodium storage performance of the aqueous-exchanged NaFePO4 in 
organic media was characterized with coin cells in half-cell configuration with 
sodium as the anode in the potential range of 2 - 4 V (vs. Na/Na+). Figure 5.9 
(a) shows reversible charge-discharge profiles of the Na/NaFePO4 cells at 0.1 
C (1C = 154mAh g-1). In the first cycle, the specific charge and discharge 
capacities of the NaFePO4 are 140 mAh g-1 and 142 mAh g-1, respectively, 
corresponding to initial columbic efficiency close to 100%; and 92% capacity 
is retained for more than 200 cycles (Figure 5.9 (c)). The profiles for charge 
and discharge processes appear to be asymmetric. While a unique plateau can 
be identified during discharge, two continuous plateaus can be observed upon 
charge. This asymmetry is clearly observed in dQ/dV curves as shown in 
Figure 5.9 (b). Only one sharp peak can be observed during sodiation whereas 
two oxidation peaks can be distinguished upon desodiation. These 
observations are consistent with previous reports on olivine NaFePO4 prepared 
by organic ion-exchange.281,282 XANES was carried out later to provide 
insights into the sodiation / desodiation mechanism. We note that the sodiation 
peak in dQ/dV curves (Figure 5.9 (b)) is very sharp and delivers 85% capacity 
within a voltage window of 0.1 V upon discharge (Figure 5.9 (a)), which is 
comparable with Na3V2(PO4)3.300,371 This feature should be attributed to the 
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well retained crystalline structure of NaFePO4 after aqueous ion-exchange, 
which enables homogenous sodium insertion in a narrow voltage window. It is 
worth mentioning that maricite NaFePO4 was recently reported to be activated 
at a very low rate (i.e. 0.05 C) through a crystalline-to-amorphous 
phase-transition, even though the loss of crystalline structure will result in a 
sloping charge / discharge plots and relative lower rate capability.270 As shown 
in Figure 5.9 (d), a coin cell with a mass loading of NaFePO4 around 5mg was 
used to light a white LED.  
 
Figure 5.10. Rate capability of aqueous ion-exchanged NaFePO4. (a) Charge 
and discharge plots and (b) capacities at different rates up to 20 C. 
As shown in Figure 5.10 (a), when the current is increased, the capacity of the 
NaFePO4 decreases due to the increased polarization. However, capacities of 
100 mAhg-1, 60 mAhg-1 and 38 mAhg-1 can still be delivered at 1 C, 10 C and 
20 C, respectively (Figure 5.10 (b)). Although the performance is not 
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comparable with the rate capability of LiFePO4, it is acceptable for energy 
storage device.  
 
Figure 5.11. Long-term cycle stability of aqueous ion-exchange NaFePO4 at 
different rates: (a) 0.5 C,1 C, 2 C for 500 cycles, (b) 0.5 C for 1000 cycles and 
(c) 10 C for 6000 cycles.  
Considering the large lattice mismatch between NaFePO4 and FePO4 (17.58 % 
in volume) which may give rise to phase segregation,280 the cycle stability of 
aqueous ion-exchanged NaFePO4 is quite impressive. As shown in Figure 5.11 
(a), the capacity retention of NaFePO4 was 86%, 90% and 89% cycled at 0.5 C, 
1 C and 2 C after 500 cycles, respectively (82% capacity retention after 1000 
cycles at 0.5 C as shown in Figure 5.11 (b)). Even when cycled at a very high 
rate of 10 C (Figure 5.11 (c)), NaFePO4 possesses 70% of its initial capacity 
after 6,000 cycles. Such a good cycle stability should be attributed to the 
complete substitution of Li+ by Na+ in NaFePO4, which ensures unrestricted 
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Figure 5.12. Charge and discharge plots of NaFePO4 driven from organic 
ion-exchange at 0.1 C. 
 
Figure 5.13. Cyclability of NaFePO4 driven from organic ion-exchange at 0.5 
C and 1 C. 
one-dimensional (1D) channels for Na+ insertion / extraction.282 Furthermore 
the strong polyanion P-O bonds help to preserve the olivine structure during 
multiple Na+ insertion / extraction processes in the host structure along the 
[010] direction.277,281 For comparison, electrochemical performance of 
NaxFePO4 (0<x<1) synthesized from organic ion-exchange is shown in Figure 
5.12, 5.13. Apart from a much lower capacity due to incomplete ion-exchange, 
the organic ion-exchanged NaFePO4 shows inferior cycle stability compared 
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to the aqueous ion-exchanged process. Figure 5.14, which compares the XRD 
patterns of the aqueous-exchanged NaFePO4 observed after different cycles, 
confirms the reversibility of NaFePO4 as judged from the preservation of the 
pristine olivine structure after multiple cycling, with only minor broadening of 
the XRD peaks after 5000 cycles. This observation is consistent with the TEM 
image of NaFePO4 after 5000 cycles as shown in Figure 5.15. 
 
Figure 5.14. XRD patterns of NaFePO4 electrodes after different cycles to 
demonstrate the stability of NaFePO4 during long-term cycles. 
To demonstrate the potential of aqueous ion-exchange NaFePO4 as cathode in 
sodium ion batteries, a prototype full cell (coin cell) was fabricated by 
utilizing NaFePO4 as a cathode and commercial hard carbon as anode. Figure 
5.16 (a) shows the charge / discharge curves of the full cell measured at 0.1C. 
The cell exhibits a voltage profile that mainly reflects the potential of 
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NaFePO4 and a capacity of around 140 mAh g-1. Both the cycle stability and 
efficiency of the full cell are good. 
 
Figure 5.15. Characterization of NaFePO4 driven from aqueous ion-exchange 
after 5000 cycles. (a) TEM and (b),(c) STEM images to demonstrate the small 
amount crack of NaFePO4 electrodes after 5000 cycles, according to the minor 
boarding of XRD peaks after 5000 cycles. (c) EDX analysis of NaFePO4 
electrodes after 5000 cycles. 
As shown in Figure 5.16 (b), the full cell can deliver a capacity of 86 mAh g-1 
after 60 cycles at 1C (84% capacity retention). It is worth noting that the 
cycling performance of the full cell is not as good as that in half cell. Although 
we tried to minimize the extra consumption of sodium in the full cell by using 
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the hard carbon electrode which has been cycled in half-cell for one cycle, 
consumption of sodium on the anode side may be inevitable. Moreover some 
detailed parameters have to be optimized, such as the mass ratio between 
cathode/anode, the amount of electrolyte and packing density, et al, to further 
improve the cycling life of the full cell. 
 
Figure 5.16. Electrochemical performance of NaFePO4 // Hard carbon full cell. 
(a) Charge and discharge plots at 0.1 C and (b) cyclability at 1 C for NaFePO4 
// Hard carbon full cells. 
5.3.5 Phase evolution of aqueous ion-exchanged NaFePO4 during 
sodiation/ desodiation 
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Synchrotron radiation based X-ray absorption spectroscopy (XAS) is a 
well-established method to determine the local atomic and electronic structure 
of the element of interest in complex system. Operando XANES probes the 
oxidation states of the elements present in the battery system.264,401-408 In the 
case of Olivine NaxFePO4 (0<x<1), it has been reported by Lu and Yamada 
that its phase diagram is different from that of LixFePO4 due to the larger 
solubility limit of (sodium) vacancy, giving rise to a solid solution for x 
between 2/3 to 1, and a phase separated FePO4 and NaxFePO4 at 0 <x < 2/3.278 
XRD spectra collected at different equilibrium stages at 0.1C are shown in 
Figure 5.17 (a) and Figure 5.17 (b) (Pattern 1-10), where the phase transition 
behavior agrees well with that of organic-exchanged olivine NaxFePO4 
reported by Lu and Yamada. For example, a solid solution exists between the 
transition of NaFePO4 (pattern 1) and Na2/3FePO4 (pattern 5). Above a critical 
phase of Na2/3FePO4, it will undergo a two-phase reaction (Na2/3FePO4 and 
FePO4) before transforming into FePO4 at the end of charge.  
To obtain further insights into the dynamics of the sodiation / desodiation 
process, operando Fe K-edge XANES characterization of the NaFePO4 during 
the initial galvanostatic cycling was carried out. Stacked plots and 
two-dimensional (2D) contour plots of operando XANES spectra for NaFePO4  
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Figure 5.17. (a) Voltage profile of the NaFePO4 and (b) XRD patterns of 
NaFePO4 electrodes at different stages (equilibrium and non-equilibrium). 
are shown in Figure 5.18 (b) and 5.18 (c), respectively. The voltage profile of 
the initial cycle is indicated in Figure 5.18 (a) alongside the XANES spectra. 
Upon desodiation, the Fe K-edge is rigidly shifted toward the higher binding 
energy, corresponding to increased Fe oxidation state during the charging 
process. Upon insertion of sodium ions, the oxidation state of Fe is reduced 
back to its original state. To semi-quantitatively determine the oxidation states 
of Fe, the evolution of the edge energy (half weight) of the XANES spectra is 
plotted in Figure 5.18 (d) by taking LiFePO4 as reference.404 The energy 
evolutions consist of five regions with different linear slopes associated with 
bonding strength of 1s electrons of iron in different structures.409 
Well-correlated with charge / discharge profile, the asymmetry of the charge  
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Figure 5.18. In-situ Synchrotron Fe K-edge XANES and ex-situ XRD studies 
of the aqueous ion-exchange NaFePO4 during initial cycles. (a) Voltage profile 
of the NaFePO4 at first cycle; (b) Stacking plots, (c) two-dimensional (2D) 
contour plots and (d) the evolution of the Fe-edge energy (half weight) of 
operando XANES spectra of the NaFePO4 at first cycle. 
and discharge processes is obvious in the evolution of the Fe K-edge energy. 
Correlating with the charge/ discharge plot in Figure 5.18 (a), region i and 
region ii correspond to transformation of NaFePO4 to the Na2/3FePO4 
intermediated phase through a solid solution process;278,279,408,410 the 
intermediated phase is then further desodiated to FePO4 according to a nearly 
linear evolution of Fe edge energy in Region iii.284 The two-stage charge 
mechanism should be associated with asymmetric volume change from 
NaFePO4 to Na2/3FePO4 (3.62%) and from Na2/3FePO4 to FePO4 (13.48%).280 
The evolution in the XRD peak profiles upon equilibrium is well-correlated 
with the observations in the aforementioned in-situ XANES. During charge 
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process, NaFePO4 is completely converted to the intermediated phase 
Na2/3FePO4 (pattern 5) before it can be further desodiated to FePO4 (upon 
equilibrium; pattern 7); during the discharge process, the FePO4 is partially 
transformed to the intermediated phase Na2/3FePO4 (dominated at the early 
stage of discharge; pattern 8) while NaFePO4 is formed simultaneously until 
the end of discharge (dominated at the later stage of discharge; pattern 9). At 
the end of discharge, NaFePO4 is recovered as shown in pattern 10, thus 
yielding the highly reversible capacity of NaFePO4. Interestingly, different 
features are observed in the XRD patterns of electrodes with/without 
equilibrium (with/without constant potential charge process) at state of charge 
(SOC) 20% (the slop region linking two plateaus on the charge plot; pattern 3 
and 4). Without equilibrium at SOC 20% (pattern 3), the XRD pattern can be 
explained by the solid-solution phase of Na1-yFePO4(0<y<1/3).278 Different 
from the non-equilibrium situation, upon equilibrium, the relaxation between 
particles may be completed; and biphasic separation due to NaFePO4 and 
Na2/3FePO4 (pattern 4) is observed.411 This phenomena demonstrates that 
depending on the morphology of the NaxFePO4 particles, which includes for 
example the homogeneity of the dispersion or the abilities of these particles to 
make effective electrical contacts in the “many-particle” system,411 the 
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conversion of NaFePO4 to Na2/3FePO4 at the first charge stage may not form a 
monotone solid solution and relaxation between particles may be required. A 
monotone solid-solution will reduce the hysteresis originating from the 
relaxation process (miscibility gap between solid solution and biphasic 
reaction).412,413 A possible strategy to obtain a monotone solid-solution may 
involve controlling the nanocrystallinity and facets of crystals, which is work 
in progress. 
5.4 Conclusions 
In summary, highly pure olivine NaFePO4 was prepared by a simple aqueous 
ion-exchange process. Both fundamental understanding and practical 
demonstrations suggest that aqueous ion-exchanged NaFePO4 can realize a 
highly pure phase, which exhibits a high reversible capacity of 142 mAh g-1 
(0.1 C) as well as an impressive cycle stability (6000 cycles at 10 C). A 
theoretical energetic study of the Na+/Li+ migration process in the electrolyte 
and the electrolyte/cathode interface reveals that the desolvation and 
adsorption process of sodium ions in aqueous electrolyte enable a faster Na+ 
intercalating dynamics than Li+. At the same time, the co-intercalation of Li+ 
in the delithiated FePO4 host is suppressed, leading to higher ion-exchange 
efficiency than organic ion-exchanged process. Operando XANES of Fe 
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K-edge, accompanied by XRD studies, was used to monitor the asymmetric 
but highly reversible phasic evolution of the highly pure NaFePO4. The results 
indicate that the relaxation of NaxFePO4 particles occurs during the 
solid-solution stage during desodiation, resulting in biphasic separation due to 
NaFePO4 and Na2/3FePO4 upon equilibrium. We want to stress that although 
several issues need to be addressed before the strategy can be implanted into a 
practical application, the comprehensive study of interfacial dynamics in 
different electrolytes and understanding of the correlation between the 
interfacial phenomena and the electrochemical profile may provide useful 
information for sodium electrochemistry in aqueous and organic electrolytes. 
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Chapter 6 Conclusions and future works 
6.1 Conclusions 
Innovations of electrode materials are still currently the most effective way to 
improve the performance of LIBs and SIBs in terms of energy density, power 
density and long-term durability to meet the demands of large-scale smart-grid 
stations and portable power for electric vehicles.  
Transition metal oxides and lithium alloys have been considered as possible 
alternatives to current graphite anode materials for LIBs owing to their high 
capacity. However, practical applications of such high-capacity anodes are 
limited by their short lifespan and low rate capability, which is dictated by 
different operating mechanism from those of conventional anodes. Previous 
studies have demonstrated several nanoengineering strategies including 
downsizing the particle size, controlling morphology and mixing / coating / 
encapsulating active materials with inactive / active matrixes. There is still 
much room for improving the overall performance of the anode materials in 
terms of specific capacity, rate capability and long-term cyclability. Despite 
incremental progress in electrochemical performance, many aspects relating to 
the electrochemical processes are still lacking, especially the interaction 
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between active materials and the mixing / coating / encapsulating matrixes and 
the electrochemical behavior at the electrode / electrolyte interface, which will 
hamper the design and fabrication of effective composite structures.  
The scope of this thesis investigates various strategies of synthesizing hybrid 
structures comprising carbon-based nanostructures and transition metal oxides 
and lithium alloys, with the aims of addressing key limitations, such as 
structural disintegration rising from the serious volume change stress and 
restricted electronic / ionic transport, during the electrochemical process of 
these large-capacity anodes. Based on these hybrid structures, the 
electrochemical–structural correlations are unveiled through the combination 
of various in-situ and ex-situ electrochemical- based probes. The major 
findings from this thesis project include the following: 
1. Non-destructive analytical tools such as Raman and NMR (either in-situ 
or ex-situ) were applied to investigate the intercalation mechanism of Li ions 
in rGO and graphite electrodes. Along with the understanding of different 
lithium intercalation mechanisms of rGO and graphite, the growth and 
evolution of the SEI passive layer in rGO during galvanostatic cycling was 
investigated and quantified using in-situ 7Li NMR probe. The result indicates 
that most of SEI passive layer is formed during the first cycle and becomes 
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stabilized at the end of the 2nd discharge cycle. Moreover, a 
non-electrochemical-driven and static growth of SEI layers in rGO electrodes 
was observed, which shed further lights on the SEI formation mechanism in 
rGO-based electrodes. 
2. A composite consisting of rGO sheets-wrapped MoO2 porous nanobelts 
was fabricated and investigated. Multi-electrons conversion reaction (i.e. full 
reduction to metallic Mo) can be achieved in the composites owing to their 
significantly enhanced electronic and ionic transport, leading to 
unprecedentedly high reversible capacity. Electron microscopy (TEM and 
STEM) studies at different discharge / charge stages show that metal oxide / 
metal nanograins produced in the conversion reaction are embedded in the 
rGO “sandwich” structure in which volume swings and nano-structural 
chemical conversion can be effectively buffered, resulting in good cycling life 
and high rate capability. Such approach provides a useful route for the 
large-scale production of various functional hybrid materials for energy 
storage, especially in the case of materials suffering from slow reaction 
kinetics and unstable chemical structure during lithiation. 
3. Ge NRs uniformly encapsulated by bamboo type multiwall CNTs have 
been synthesised and found to deliver high capacity, superior rate capability 
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(discharge in seconds) and good cycle durability. The unique structure of the 
CNT scaffold mechanically protects the Ge NRs from drastic volume swing 
during (de)lithiation processes and provides an effective model for 
multi-probe studies (TEM, XRD and in-situ NMR). Structural and phasic 
studies using TEM using coin cell configuration, XRD and in-situ 7Li NMR 
studies reveal that the reversibility of Li (de)lithiation in Ge@CNT during 
cycling is mediated by co-existing amorphous and crystalline phases. The high 
capacity observed may be related to electrically driven, metastable, 
over-lithiated Li-Ge alloy, whose existence and reversibility depends on robust 
electrical interfaces afforded by the carbon walls encapsulating the Ge. The 
design and synthesis of such core-shell structure affords a generic strategy for 
protecting structurally unstable alloy phases in high energy and power density 
LIBs.  
Towards the end of this thesis project, the focus has been shifted to other 
alkalis ion batteries with similar electrochemistry as LIBs: sodium ion 
batteries (SIBs). SIB has attracted considerable attention recently as a back-up 
alternative for LIBs in the future due to its unlimited abundance and uniform 
geographical distribution in the Earth crust and sea water, compared to lithium. 
Among the various classes of iron-phosphates cathodes used in SIBs, olivine 
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NaFePO4 is one of the most attractive host materials for advanced SIBs owing 
to its electrochemical profile and high theoretical capacity. 
1. Highly pure olivine NaFePO4 was prepared by a simple aqueous 
ion-exchange process, which exhibits a superior electrochemical performance 
rather than its counterpart obtained from organic-based ion transformation. 
Simulations of the Na+ / Li+ migration process in the electrolyte and the 
electrolyte / cathode interface theoretically reveals that the desolvation and 
adsorption process of sodium ions in aqueous electrolyte enable a faster Na+ 
intercalating dynamics than Li+. Meanwhile, the co-intercalation of Li+ in the 
delithiated FePO4 host is suppressed, leading to higher ion-exchange 
efficiency than organic ion-exchanged process. Operando XANES of Fe 
K-edge, accompanied by XRD studies, was used to monitor the asymmetric 
but highly reversible phasic evolution of the highly pure NaFePO4. The results 
indicate that the relaxation of NaxFePO4 particles occurs during the 
solid-solution stage during desodiation, resulting in biphasic separation due to 
NaFePO4 and Na2/3FePO4 upon equilibrium. 
6.2 Future works 
1. Optimizing the electrode fabrication and electrochemical testing 
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parameters 
As discussed in the introduction part (1.4.1.5 (e)), electrode components such 
as binders, carbon additives and the proportions in which they are used may 
have significant effects on the electrochemical performance. PVDF, a 
commercially available binder, has been selected as the binder (with 10% 
weight proportion) throughout this thesis project. As possible alternatives to 
commercial PVDF binder, lithium ployacrylate, carboxymethyl cellulose 
(CMC) binders and alginate have been prepared and reported to mitigate the 
large volume expansion and maintain the integrity of conversion reaction-type 
and alloying-type based electrodes during cycles.124,234-236 A self-healing and 
conductive polymer has also been synthesized by Cui et al to successfully 
inhibit the mechanical fracture of Si electrodes during cycling.234 In this regard, 
research on binders may be needed to further improve the electrochemical 
performance of large-capacity anodes. Another issue is the nanostructured 
carbon added as additives in the electrodes, which is believed to be critical for 
those materials with relative low electrical conductivity. On the other hand, 
excessive amount of carbon may block the ionic pathway in the electrode, 
which may restrict the electrochemical performance. In this thesis project, the 
carbon additive has been limited to 10-20% by weight of the overall composite. 
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Further investigations may be conducted to optimize the concentration of 
carbon additives in the electrodes to achieve the best electrochemical 
performance. 
The voltage where the battery is discharged or charged to, will induce 
conversion reactions, and may consequently affect the performance of 
large-capacity anodes, especially with regards to the cyclability. The 
cyclability of some alloys can be improved by raising the lithiation cut-off 
potential. Despite the improvement of the durability, part of the specific 
capacity may be lost along with the adjustment of cut-off potential. Such a 
trade-off issue should be addressed and investigated before practical 
applications of these anode materials. 
2. In-situ TEM studies of the carbon / anode nanostructures. 
Over the past few years, the in-situ TEM approach based on the open-cell 
configuration using single wire or single particle, and using either ionic liquid 
or Li2O as the electrolyte, has shed new light on the lithiation / delithiation 
process of electrode materials, especially the metal oxides and alloy 
anodes.160,166,414,415 This approach has successfully provided insightful 
information on the structural and chemical evolution of electrodes upon 
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lithiation / delithiation, such as the motion of an atomically sharp two-phase 
interface during the lithiation of Si/Ge;162,169 enhancement of the rate 
capability by doping or coating 168,416 and the two-step lithiation process, 
where the transition from pristine Ge to amorphous LixGe, then to crystallized 
Li15Ge4 can be observed.161,169 For a more complete picture, in-situ TEM 
approach should be applied in combination with other techniques such as 
in-situ NMR, in-situ XRD etc, to observe the electrochemical reactions in the 
carbon / anode nanostructures. Such works will provide insights into how 
nanoengineering approaches modify the electrochemical process. 
3. Bring nano materials nearly for practical applications. 
The future application of high capacity graphene, transition metal oxides and 
alloy anodes will significantly increase the energy density of whole cell. 
However, we need to stress that these materials are unlikely to be used directly 
in practical battery at the moment before the limitations can be addressed, 
such as considerable initial irreversible capacity loss, high cost and relative 
low tap density of nano materials. The large irreversible capacity loss may be 
mitigated to some extent by pre-treating the active material before battery 
fabrication or adding some pre-lithiated nano particles in the anode side. The 
low tap density maybe addressed by building some second-order microsized 
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structures or by using nanosized particles. The encouraging news is that 
nanomaterials are now finding its way into the market place for niche battery 
applications.68,417,418 
4. Innovations of rigid sodium-host framework as high out-put potential 
cathode for SIBs. 
Although olivine NaFePO4 investigated in this thesis exhibits high capacity 
and long-term durability, the output potential of the olivine NaFePO4 is around 
3.0 V vs. Na/Na+, which is lower than that of LiFePO4 in LIBs. One intrinsic 
issue is the lower standard oxidation/reduction potential of Na/Na+ couple 
(-2.71 V vs. SHE) than that of Li/Li+ couple (-3.04 V vs. SHE). Such a gap 
between redox potential may improve the stability of non-aqueous electrolyte 
for SIBs, but also lead to relatively low output voltage of the whole cell,419 
corresponding to a lower energy density of SIBs compared with that of LIBs. 
In this regard, enhancing the output potential of cathode to make it comparable 
with LIBs is a pressing issue.372,420,421 Plenty of efforts have been focused on 
improving the output potential of cathode materials of SIBs by designing 
complex polyanion framework or using extra doping such as fluorine. For 
instance, Na4Co3(PO4)2P2O7 has been reported by Iba et al to demonstrate an 
average working potential around 4.4 V vs. Na/Na+.422 Yamada et al has also 
 180 
reported an iron-based sulfate, Na2Fe2(SO4)3, which can realize an output 
potential up to 3.8 V.23 Along with these efforts, a series vanadium-based 
polyanion phosphate has been developed, such as Na7V4 (P2O7)4PO4 (3.88 V 
vs. Na+/Na) and Na3V2 (PO4)3 (3.4 V vs. Na+/Na).295,300,371,421 In these 
composites, the strong inductive effect of phosphate polyanions can enable a 
higher working potential of V3+/V4+ redox couple. Kisuk et al found that the 
fluorine doping can further bring extra inductive effect to the V3+/V4+ redox 
couple, leading to an even higher output potential for Na3V2(PO4)2F3, 
Na3(VO1−xPO4)2F1+2x(0 ≤ x ≤ 1), Li1.1Na0.4VPO4.8F0.7 etc.372,420,423,424 In 
addition, it has been recently demonstrated by Cao et al that percolation 
pathway may be formed in amorphous materials via the opening of active 
diffusion channels.285,419,425,426 The percolation pathway may reduce the ionic 
diffusion barrier in cathode frameworks. In this regard, one possible approach 
for high energy and high power cathode for SIBs may involve the combination 
of an amorphous matrix and phosphate polyanions with strong inductive effect.
 181 
References 
 (1)   Armand, M.; Tarascon, J. M. Nature 2008, 451, 652. 
 (2)   Goodenough, J. B. Energy Environ. Sci. 2014, 7, 14. 
 (3)   Thackeray, M. M.; Wolverton, C.; Isaacs, E. D. Energy Environ. Sci. 
2012, 5, 7854. 
 (4)   Lin, M.-C.; Gong, M.; Lu, B.; Wu, Y.; Wang, D.-Y.; Guan, M.; Angell, 
M.; Chen, C.; Yang, J.; Hwang, B.-J.; Dai, H. Nature 2015, 520, 324. 
 (5)   Bachman, J. C.; Kavian, R.; Graham, D. J.; Kim, D. Y.; Noda, S.; 
Nocera, D. G.; Shao-Horn, Y.; Lee, S. W. Nat. Commun. 2015, 6, 7040. 
 (6)   Bruno Scrosati; K. M. Abraham; Walter A. van Schalkwijk; Hassoun, J. 
Lithium Batteries: Advanced Technologies and Applications; John Wiley @ 
Sons, Inc.: New Jersey, 2013. 
 (7)   Jia, C.; Pan, F.; Zhu, Y. G.; Huang, Q.; Lu, L.; Wang, Q. Science 
Advances 2015, 1, e1500886. 
 (8)  Zhang, J.; Zhao, Y.; Zhao, X.; Liu, Z.; Chen, W. Sci Rep. 2014, 4, 6005. 
 (9)   Tarascon, J. M.; Armand, M. Nature 2001, 414, 359. 
 (10) Yang, Z.; Zhang, J.; Kintner-Meyer, M. C. W.; Lu, X.; Choi, D.; 
Lemmon, J. P.; Liu, J. Chem. Rev. 2011, 111, 3577. 
 (11) Zhang, C.; Wu, H. B.; Yuan, C.; Guo, Z.; Lou, X. W. Angew. Chem. 
Int. Ed. 2012, 51, 9592. 
 182 
 (12) Xie, X.; Makaryan, T.; Zhao, M.; Van Aken, K. L.; Gogotsi, Y.; Wang, 
G. Adv. Energy Mater. 2016, 6, 201502161. 
 (13) Tang, W.; Zhu, Y.; Hou, Y.; Liu, L.; Wu, Y.; Loh, K. P.; Zhang, H.; 
Zhu, K. Energy Environ. Sci. 2013, 6, 2093. 
 (14) Wang, H.; Yang, Y.; Liang, Y.; Cui, L.-F.; Sanchez Casalongue, H.; Li, 
Y.; Hong, G.; Cui, Y.; Dai, H. Angew. Chem. 2011, 123, 7502. 
 (15) Wang, Y.; Wang, Y.; Hosono, E.; Wang, K.; Zhou, H. Angew. Chem. 
Int. Ed. 2008, 47, 7461. 
 (16) Tang, W.; Hou, Y.; Wang, F.; Liu, L.; Wu, Y.; Zhu, K. Nano Lett. 2013, 
13, 2036. 
 (17) Li, N.; Chen, Z.; Ren, W.; Li, F.; Cheng, H.-M. Proc. Natl. Acad. Sci. 
2012, 109, 17360. 
 (18) Scrosati, B. J. Solid State Electrochem. 2011, 15, 1623. 
 (19) Slater, M. D.; Kim, D.; Lee, E.; Johnson, C. S. Adv. Funct. Mater. 
2013, 23, 947. 
 (20) Palomares, V.; Serras, P.; Villaluenga, I.; Hueso, K. B.; 
Carretero-Gonzalez, J.; Rojo, T. Energy Environ. Sci. 2012, 5, 5884. 
 (21) Pan, H.; Hu, Y.-S.; Chen, L. Energy Environ. Sci. 2013, 6, 2338. 
 (22) Ong, S. P.; Chevrier, V. L.; Hautier, G.; Jain, A.; Moore, C.; Kim, S.; 
 183 
Ma, X.; Ceder, G. Energy Environ. Sci. 2011, 4, 3680. 
 (23) Barpanda, P.; Oyama, G.; Nishimura, S.-i.; Chung, S.-C.; Yamada, A. 
Nat. Commun. 2014, 5, 4358. 
 (24) Shao, Y.; Xiao, J.; Wang, W.; Engelhard, M.; Chen, X.; Nie, Z.; Gu, 
M.; Saraf, L. V.; Exarhos, G.; Zhang, J.-G.; Liu, J. Nano Lett. 2013, 13, 3909. 
 (25) Roberta, D., Rochester Institute of Technology, 2012. 
 (26) Landi, B. J.; Ganter, M. J.; Cress, C. D.; DiLeo, R. A.; Raffaelle, R. P. 
Energy Environ. Sci. 2009, 2, 638. 
 (27) Reddy, M. V.; Subba Rao, G. V.; Chowdari, B. V. R. Chem. Rev. 2013, 
113, 5364. 
 (28) Larcher, D.; Tarascon, J. M. Nat. Chem. 2015, 7, 19. 
 (29) Nitta, N.; Wu, F.; Lee, J. T.; Yushin, G. Materials Today 2015, 18, 
252. 
 (30) Karthikeyan, K.; Amaresh, S.; Aravindan, V.; Kim, H.; Kang, K. S.; 
Lee, Y. S. J. Mater. Chem. A 2013, 1, 707. 
 (31) Kobayashi, H.; Tabuchi, M.; Shikano, M.; Yasuo, N.; Kageyama, H.; 
Ishida, T.; Nakamura, H.; Kurioka, Y.; Kanno, R. J. Power Sources 1999, 
81–82, 524. 
 (32) Park, O. K.; Cho, Y.; Lee, S.; Yoo, H.-C.; Song, H.-K.; Cho, J. Energy 
 184 
Environ. Sci. 2011, 4, 1621. 
 (33) Padhi, A. K.; Nanjundaswamy, K. S.; Goodenough, J. B. J. 
Electrochem. Soc. 1997, 144, 1188. 
 (34) Amine, K.; Yasuda, H.; Yamachi, M. Electrochem. Solid-State Lett. 
2000, 3, 178. 
 (35) Amaresh, S.; Kim, G. J.; Karthikeyan, K.; Aravindan, V.; Chung, K. 
Y.; Cho, B. W.; Lee, Y. S. Phys. Chem. Chem. Phys. 2012, 14, 11904. 
 (36) Boulineau, A.; Sirisopanaporn, C.; Dominko, R.; Armstrong, A. R.; 
Bruce, P. G.; Masquelier, C. Dalton Trans. 2010, 39, 6310. 
 (37) Islam, M. S.; Dominko, R.; Masquelier, C.; Sirisopanaporn, C.; 
Armstrong, A. R.; Bruce, P. G. J. Mater. Chem. 2011, 21, 9811. 
 (38) Badway, F.; Cosandey, F.; Pereira, N.; Amatucci, G. G. J. 
Electrochem. Soc. 2003, 150, A1318. 
 (39) Yu, H. C.; Ling, C.; Bhattacharya, J.; Thomas, J. C.; Thornton, K.; 
Van der Ven, A. Energy Environ. Sci. 2014, 7, 1760. 
 (40) Ji, X.; Lee, K. T.; Nazar, L. F. Nat. Mater. 2009, 8, 500. 
 (41) Kaskhedikar, N. A.; Maier, J. Adv. Mater. 2009, 21, 2664. 
 (42) Yang, Z.; Choi, D.; Kerisit, S.; Rosso, K. M.; Wang, D.; Zhang, J.; 
Graff, G.; Liu, J. J. Power Sources 2009, 192, 588. 
 185 
 (43) Poizot, P.; Laruelle, S.; Grugeon, S.; Dupont, L.; Tarascon, J. M. 
Nature 2000, 407, 496. 
 (44) Yu, Y.; Chen, C.-H.; Shui, J.-L.; Xie, S. Angew. Chem. Int. Ed. 2005, 
44, 7085. 
 (45) Wang, H.; Cui, L.-F.; Yang, Y.; Sanchez Casalongue, H.; Robinson, J. 
T.; Liang, Y.; Cui, Y.; Dai, H. J. Am. Chem. Soc. 2010, 132, 13978. 
 (46) Wang, Z.; Zhou, L.; Lou, X. W. Adv. Mater. 2012, 24, 1903. 
 (47) Zhou, G.; Wang, D.-W.; Li, F.; Zhang, L.; Li, N.; Wu, Z.-S.; Wen, L.; 
Lu, G. Q.; Cheng, H.-M. Chem. Mater. 2010, 22, 5306. 
 (48) Lee, S.-H.; Kim, Y.-H.; Deshpande, R.; Parilla, P. A.; Whitney, E.; 
Gillaspie, D. T.; Jones, K. M.; Mahan, A. H.; Zhang, S.; Dillon, A. C. Adv. 
Mater. 2008, 20, 3627. 
 (49) Balaya, P.; Li, H.; Kienle, L.; Maier, J. Adv. Funct. Mater. 2003, 13, 
621. 
 (50) Larcher, D.; Sudant, G.; Leriche, J.-B.; Chabre, Y.; Tarascon, J.-M. J. 
Electrochem. Soc. 2002, 149, A234. 
 (51) Guo, B.; Fang, X.; Li, B.; Shi, Y.; Ouyang, C.; Hu, Y.-S.; Wang, Z.; 
Stucky, G. D.; Chen, L. Chem. Mater. 2011, 24, 457. 
 (52) Dahn, J. R.; McKinnon, W. R. Solid State Ionics 1987, 23, 1. 
 186 
 (53) Sun, Y.; Hu, X.; Luo, W.; Huang, Y. ACS Nano 2011, 5, 7100. 
 (54) Chao, D.; Xia, X.; Liu, J.; Fan, Z.; Ng, C. F.; Lin, J.; Zhang, H.; Shen, 
Z. X.; Fan, H. J. Adv. Mater. 2014, 26, 5794. 
 (55) Wu, Z.-S.; Ren, W.; Wen, L.; Gao, L.; Zhao, J.; Chen, Z.; Zhou, G.; Li, 
F.; Cheng, H.-M. ACS Nano 2010, 4, 3187. 
 (56) Guan, C.; Wang, X.; Zhang, Q.; Fan, Z.; Zhang, H.; Fan, H. J. Nano 
Lett. 2014, 14, 4852. 
 (57) Xu, Y.; Jian, G.; Liu, Y.; Zhu, Y.; Zachariah, M. R.; Wang, C. Nano 
Energy 2014, 3, 26. 
 (58) Wang, Y.; Lee, J. Y. Angew. Chem. Int. Ed. 2006, 45, 7039. 
 (59) Zhang, W. M.; Hu, J. S.; Guo, Y.-G.; Zheng, S.-F.; Zhong, L.-S.; Song, 
W.-G.; Wan, L.-J. Adv. Mater. 2008, 20, 1160. 
 (60) Seng, K. H.; Park, M.-H.; Guo, Z. P.; Liu, H. K.; Cho, J. Angew. 
Chem. Int. Ed. 2012, 51, 5. 
 (61) Kim, H.; Son, Y.; Park, C.; Cho, J.; Choi, H. C. Angew. Chem. Int. Ed. 
2013, 52, 5997. 
 (62) Cui, G.; Gu, L.; Zhi, L.; Kaskhedikar, N.; van Aken, P. A.; Müllen, K.; 
Maier, J. Adv. Mater. 2008, 20, 3079. 
 (63) Chan, C. K.; Zhang, X. F.; Cui, Y. Nano Lett. 2007, 8, 307. 
 187 
 (64) Xue, D. J.; Xin, S.; Yan, Y.; Jiang, K.-C.; Yin, Y.-X.; Guo, Y.-G.; Wan, 
L.-J. J. Am. Chem. Soc. 2012, 134, 2512. 
 (65) Kennedy, T.; Mullane, E.; Geaney, H.; Osiak, M.; O’Dwyer, C.; Ryan, 
K. M. Nano Lett. 2014, 14, 716. 
 (66) Song, T.; Cheng, H.; Town, K.; Park, H.; Black, R. W.; Lee, S.; Park, 
W. I.; Huang, Y.; Rogers, J. A.; Nazar, L. F.; Paik, U. Adv. Funct. Mater. 2014, 
24, 1458. 
 (67) Magasinski, A.; Dixon, P.; Hertzberg, B.; Kvit, A.; Ayala, J.; Yushin, 
G. Nat. Mater. 2010, 9, 353. 
 (68) Liu, N.; Lu, Z.; Zhao, J.; McDowell, M. T.; Lee, H.-W.; Zhao, W.; 
Cui, Y. Nat. Nanotechnol. 2014, 9, 187. 
 (69) Guo, J.; Chen, X.; Wang, C. J. Mater. Chem. 2010, 20, 5035. 
 (70) Luo, J.; Zhao, X.; Wu, J.; Jang, H. D.; Kung, H. H.; Huang, J. J. Phys. 
Chem. Lett. 2012, 3, 1824. 
 (71) Chen, X.; Li, X.; Ding, F.; Xu, W.; Xiao, J.; Cao, Y.; Meduri, P.; Liu, 
J.; Graff, G. L.; Zhang, J.-G. Nano Lett. 2012, 12, 4124. 
 (72) Kim, S.-W.; Seo, D.-H.; Ma, X.; Ceder, G.; Kang, K. Adv. Energy 
Mater. 2012, 2, 710. 
 (73) Palacin, M. R. Chem. Soc. Rev. 2009, 38, 2565. 
 188 
 (74) WHITTINGHAM, M. S. Science 1976, 192, 1126. 
 (75) Winter, M.; Novák, P.; Monnier, A. J. Electrochem. Soc. 1998, 145, 
428. 
 (76) Winter, M.; Besenhard, J. O.; Spahr, M. E.; Novák, P. Adv. Mater. 
1998, 10, 725. 
 (77) Mabuchi, A.; Tokumitsu, K.; Fujimoto, H.; Kasuh, T. J. Electrochem. 
Soc. 1995, 142, 1041. 
 (78) Zheng, T.; Xing, W.; Dahn, J. R. Carbon 1996, 34, 1501. 
 (79) Funabiki, A.; Inaba, M.; Ogumi, Z.; Yuasa, S. i.; Otsuji, J.; Tasaka, A. 
J. Electrochem. Soc. 1998, 145, 172. 
 (80) Mukherjee, R.; Thomas, A. V.; Datta, D.; Singh, E.; Li, J.; Eksik, O.; 
Shenoy, V. B.; Koratkar, N. Nat. Commun. 2014, 5, 3710. 
 (81) Yazami, R.; Deschamps, M. J. Power Sources 1995, 54, 411. 
 (82) Zheng, T.; McKinnon, W. R.; Dahn, J. R. J. Electrochem. Soc. 1996, 
143, 2137. 
 (83) Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; 
Dubonos, S. V.; Grigorieva, I. V.; Firsov, A. A. Science 2004, 306, 666. 
 (84) Hassoun, J.; Bonaccorso, F.; Agostini, M.; Angelucci, M.; Betti, M. 
G.; Cingolani, R.; Gemmi, M.; Mariani, C.; Panero, S.; Pellegrini, V.; 
 189 
Scrosati, B. Nano Lett. 2014, 14, 4901. 
 (85) Mazar Atabaki, M.; Kovacevic, R. Electron. Mater. Lett. 2013, 9, 133. 
 (86) Kucinskis, G.; Bajars, G.; Kleperis, J. J. Power Sources 2013, 240, 
66. 
 (87) Choi, N.-S.; Chen, Z.; Freunberger, S. A.; Ji, X.; Sun, Y.-K.; Amine, 
K.; Yushin, G.; Nazar, L. F.; Cho, J.; Bruce, P. G. Angew. Chem. Int. Ed. 2012, 
51, 9994. 
 (88) Simon, P.; Gogotsi, Y. Acc. Chem. Res. 2012, 46, 1094. 
 (89) Ai, W.; Jiang, J.; Zhu, J.; Fan, Z.; Wang, Y.; Zhang, H.; Huang, W.; Yu, 
T. Adv. Energy Mater. 2015, 5, 201500559. 
 (90) Reddy, A. L. M.; Srivastava, A.; Gowda, S. R.; Gullapalli, H.; Dubey, 
M.; Ajayan, P. M. ACS Nano 2010, 4, 6337. 
 (91) Park, K. H.; Lee, D.; Kim, J.; Song, J.; Lee, Y. M.; Kim, H.-T.; Park, 
J.-K. Nano Lett. 2014, 14, 4306. 
 (92) Xiang, H. F.; Li, Z. D.; Xie, K.; Jiang, J. Z.; Chen, J. J.; Lian, P. C.; 
Wu, J. S.; Yu, Y.; Wang, H. H. RSC Adv. 2012, 2, 6792. 
 (93) Pan, D.; Wang, S.; Zhao, B.; Wu, M.; Zhang, H.; Wang, Y.; Jiao, Z. 
Chem. Mater. 2009, 21, 3136. 
 (94) Lian, P.; Zhu, X.; Liang, S.; Li, Z.; Yang, W.; Wang, H. Electrochim. 
 190 
Acta 2010, 55, 3909. 
 (95) Liang, M.; Zhi, L. J. Mater. Chem. 2009, 19, 5871. 
 (96) Wu, Z.-S.; Xue, L.; Ren, W.; Li, F.; Wen, L.; Cheng, H.-M. Adv. 
Funct. Mater. 2012, 22, 3290. 
 (97) Hu, Y.-Y.; Liu, Z.; Nam, K.-W.; Olaf, J. B.; Cheng, J.; Xiao, H.; 
Matthew, T. D.; Xiqian, Y.; Kamila, M. W.; Lin-Shu, D.; Karena, W. C.; Peter, 
J. C.; Xiao-Qing, Y.; Clare, P. G. Nat. Mater. 2013, 12, 1130. 
 (98) Verma, P.; Maire, P.; Novák, P. Electrochim. Acta 2010, 55, 6332. 
 (99) Yang, S.; Cui, G.; Pang, S.; Cao, Q.; Kolb, U.; Feng, X.; Maier, J.; 
Müllen, K. ChemSusChem 2010, 3, 236. 
 (100) Wang, G.; Shen, X.; Yao, J.; Park, J. Carbon 2009, 47, 2049. 
 (101) Park, C. M.; Kim, J. H.; Kim, H.; Sohn, H. J. Chem. Soc. Rev. 2010, 
39, 3115. 
 (102) Aravindan, V.; Shubha, N.; Cheah, Y. L.; Prasanth, R.; Chuiling, W.; 
Prabhakar, R. R.; Madhavi, S. J. Mater. Chem. A 2013, 1, 308. 
 (103) Kim, J.; Cho, J. Electrochem. Solid-State Lett. 2007, 10, A81. 
 (104) Cho, W.; Kashiwagi, T.; Ra, W.; Nakayama, M.; Wakihara, M.; 
Kobayashi, Y.; Miyashiro, H. Electrochim. Acta 2009, 54, 1842. 
 (105) Hu, Y. S.; Kienle, L.; Guo, Y. G.; Maier, J. Adv. Mater. 2006, 18, 
 191 
1421. 
 (106) Li, H.; Balaya, P.; Maier, J. J. Electrochem. Soc. 2004, 151, A1878. 
 (107) Ku, J. H.; Jung, Y. S.; Lee, K. T.; Kim, C. H.; Oh, S. M. J. 
Electrochem. Soc. 2009, 156, A688. 
 (108) Wang, X.; Yang, Z.; Sun, X.; Li, X.; Wang, D.; Wang, P.; He, D. J. 
Mater. Chem. 2011, 21, 9988. 
 (109) Wen, W.; Wu, J.-M. ACS Appl. Mat. Interfaces 2011, 3, 4112. 
 (110) Kottegoda, I. R. M.; Idris, N. H.; Lu, L.; Wang, J.-Z.; Liu, H.-K. 
Electrochim. Acta 2011, 56, 5815. 
 (111) Xiang, J. Y.; Tu, J. P.; Zhang, J.; Zhong, J.; Zhang, D.; Cheng, J. P. 
Electrochem. Commun. 2010, 12, 1103. 
 (112) Poizot, P.; Laruelle, S.; Grugeon, S.; Tarascon, J.-M. J. Electrochem. 
Soc. 2002, 149, A1212. 
 (113) Kokubu, T.; Oaki, Y.; Hosono, E.; Zhou, H.; Imai, H. Adv. Funct. 
Mater. 2011, 21, 3673. 
 (114) Feng, J. K.; Xia, H.; Lai, M. O.; Lu, L. Mater. Res. Bull. 2011, 46, 
424. 
 (115) Varghese, B.; Teo, C. H.; Zhu, Y.; Reddy, M. V.; Chowdari, B. V. R.; 
Wee, A. T. S.; Tan, V. B. C.; Lim, C. T.; Sow, C. H. Adv. Funct. Mater. 2007, 
 192 
17, 1932. 
 (116) Jayaprakash, N.; Jones, W. D.; Moganty, S. S.; Archer, L. A. J. Power 
Sources 2012, 200, 53. 
 (117) Nam, K. T.; Kim, D.-W.; Yoo, P. J.; Chiang, C.-Y.; Meethong, N.; 
Hammond, P. T.; Chiang, Y.-M.; Belcher, A. M. Science 2006, 312, 885. 
 (118) Taberna, P. L.; Mitra, S.; Poizot, P.; Simon, P.; Tarascon, J. M. Nat. 
Mater. 2006, 5, 567. 
 (119) Liu, H.; Wang, G.; Wang, J.; Wexler, D. Electrochem. Commun. 2008, 
10, 1879. 
 (120) Zhang, W.-M.; Wu, X.-L.; Hu, J.-S.; Guo, Y.-G.; Wan, L.-J. Adv. 
Funct. Mater. 2008, 18, 3941. 
 (121) Gao, J.; Lowe, M. A.; Abruña, H. D. Chem. Mater. 2011, 23, 3223. 
 (122) Fan, Q.; Whittingham, M. S. Electrochem. Solid-State Lett. 2007, 10, 
A48. 
 (123) Reddy, M. V.; Yu, T.; Sow, C. H.; Shen, Z. X.; Lim, C. T.; Subba Rao, 
G. V.; Chowdari, B. V. R. Adv. Funct. Mater. 2007, 17, 2792. 
 (124) Li, J.; Dahn, H. M.; Krause, L. J.; Le, D.-B.; Dahn, J. R. J. 
Electrochem. Soc. 2008, 155, A812. 
 (125) Morales, J.; Sánchez, L.; Martín, F.; Berry, F.; Ren, X. J. Electrochem. 
 193 
Soc. 2005, 152, A1748. 
 (126) Larcher, D.; Masquelier, C.; Bonnin, D.; Chabre, Y.; Masson, V.; 
Leriche, J.-B.; Tarascon, J.-M. J. Electrochem. Soc. 2003, 150, A133. 
 (127) Liu, H.; Du, X.; Xing, X.; Wang, G.; Qiao, S. Z. Chem. Commun. 
2012, 48, 865. 
 (128) Sun, J.; Tang, K.; Yu, X.; Hu, J.; Li, H.; Huang, X. Solid State Ionics 
2008, 179, 2390. 
 (129) Grugeon, S.; Laruelle, S.; Dupont, L.; Chevallier, F.; Taberna, P. L.; 
Simon, P.; Gireaud, L.; Lascaud, S.; Vidal, E.; Yrieix, B.; Tarascon, M. Chem. 
Mater. 2005, 17, 5041. 
 (130) Reddy, A. L. M.; Shaijumon, M. M.; Gowda, S. R.; Ajayan, P. M. 
Nano Lett. 2009, 9, 1002. 
 (131) Yang, L. C.; Gao, Q. S.; Zhang, Y. H.; Tang, Y.; Wu, Y. P. 
Electrochem. Commun. 2008, 10, 118. 
 (132) Guo, C. X.; Wang, M.; Chen, T.; Lou, X. W.; Li, C. M. Adv. Energy 
Mater. 2011, 1, 736. 
 (133) Alcántara, R.; Jaraba, M.; Lavela, P.; Tirado, J. L. Chem. Mater. 2002, 
14, 2847. 
 (134) Lavela, P.; Tirado, J. L.; Vidal-Abarca, C. Electrochim. Acta 2007, 52, 
 194 
7986. 
 (135) Lavela, P.; Ortiz, G. F.; Tirado, J. L.; Zhecheva, E.; Stoyanova, R.; 
Ivanova, S. J. Phys. Chem. C 2007, 111, 14238. 
 (136) Reddy, M. V.; Yu, C.; Jiahuan, F.; Loh, K. P.; Chowdari, B. V. R. RSC 
Adv. 2012, 2, 9619. 
 (137) NuLi, Y.-N.; Qin, Q.-Z. J. Power Sources 2005, 142, 292. 
 (138) Lavela, P.; Tirado, J. L. J. Power Sources 2007, 172, 379. 
 (139) Laruelle, S.; Grugeon, S.; Poizot, P.; Dollé, M.; Dupont, L.; Tarascon, 
J.-M. J. Electrochem. Soc. 2002, 149, A627. 
 (140) Maier, J. Angew. Chem. Int. Ed. 2013, 52, 4998. 
 (141) Ku, J. H.; Ryu, J. H.; Kim, S. H.; Han, O. H.; Oh, S. M. Adv. Funct. 
Mater. 2012, 22, 3658. 
 (142) Shi, Y.; Guo, B.; Corr, S. A.; Shi, Q.; Hu, Y.-S.; Heier, K. R.; Chen, L.; 
Seshadri, R.; Stucky, G. D. Nano Lett. 2009, 9, 4215. 
 (143) Koziej, D.; Rossell, M. D.; Ludi, B.; Hintennach, A.; Novák, P.; 
Grunwaldt, J.-D.; Niederberger, M. Small 2011, 7, 377. 
 (144) Ji, X.; Herle, P. S.; Rho, Y.; Nazar, L. F. Chem. Mater. 2007, 19, 374. 
 (145) Noh, M.; Kwon, Y.; Lee, H.; Cho, J.; Kim, Y.; Kim, M. G. Chem. 
Mater. 2005, 17, 1926. 
 195 
 (146) Ko, S.; Lee, J.-I.; Yang, H. S.; Park, S.; Jeong, U. Adv. Mater. 2012, 
24, 4451. 
 (147) Seng, K. H.; Du, G. D.; Li, L.; Chen, Z. X.; Liu, H. K.; Guo, Z. P. J. 
Mater. Chem. 2012, 22, 16072. 
 (148) Yang, X.; Cheng, C.; Wang, Y.; Qiu, L.; Li, D. Science 2013, 341, 
534. 
 (149) Xu, J.; Jeon, I.-Y.; Seo, J.-M.; Dou, S.; Dai, L.; Baek, J.-B. Adv. Mater. 
2014, 7317. 
 (150) Kim, H.; Cho, J. Nano Lett. 2008, 8, 3688. 
 (151) Huang, X.; Cui, S.; Chang, J.; Hallac, P. B.; Fell, C. R.; Luo, Y.; Metz, 
B.; Jiang, J.; Hurley, P. T.; Chen, J. Angew. Chem. Int. Ed. 2014, 127, 1510. 
 (152) Lee, H.; Kim, H.; Doo, S.-G.; Cho, J. J. Electrochem. Soc. 2007, 154, 
A343. 
 (153) Baggetto, L.; Notten, P. H. L. J. Electrochem. Soc. 2009, 156, A169. 
 (154) Laforge, B.; Levan-Jodin, L.; Salot, R.; Billard, A. J. Electrochem. 
Soc. 2008, 155, A181. 
 (155) Obrovac, M. N.; Christensen, L. Electrochem. Solid-State Lett. 2004, 
7, A93. 
 (156) Li, J.; Dahn, J. R. J. Electrochem. Soc. 2007, 154, A156. 
 196 
 (157) Sun, Y.; Liu, N.; Cui, Y. Nat. Energy 2016, 1, 16071. 
 (158) Weker, J. N.; Liu, N.; Misra, S.; Andrews, J. C.; Cui, Y.; Toney, M. F. 
Energy Environ. Sci. 2014, 7, 2771. 
 (159) Wang, J.; Chen-Wiegart, Y.-c. K.; Wang, J. Angew. Chem. Int. Ed. 
2014, 53, 4460. 
 (160) Huang, J. Y.; Zhong, L.; Wang, C. M.; Sullivan, J. P.; Xu, W.; Zhang, 
L. Q.; Mao, S. X.; Hudak, N. S.; Liu, X. H.; Subramanian, A.; Fan, H.; Qi, L.; 
Kushima, A.; Li, J. Science 2010, 330, 1515. 
 (161) Liang, W.; Yang, H.; Fan, F.; Liu, Y.; Liu, X. H.; Huang, J. Y.; Zhu, T.; 
Zhang, S. ACS Nano 2013, 7, 3427. 
 (162) Liu, X. H.; Fan, F.; Yang, H.; Zhang, S.; Huang, J. Y.; Zhu, T. ACS 
Nano 2013, 7, 1495. 
 (163) Baggetto, L.; Hensen, E. J. M.; Notten, P. H. L. Electrochim. Acta 
2010, 55, 7074. 
 (164) Ryu, J. H.; Kim, J. W.; Sung, Y.-E.; Oh, S. M. Electrochem. 
Solid-State Lett. 2004, 7, A306. 
 (165) Ogata, K.; Salager, E.; Kerr, C. J.; Fraser, A. E.; Ducati, C.; Morris, A. 
J.; Hofmann, S.; Grey, C. P. Nat. Commun. 2014, 5, 3217. 
 (166) Liu, X. H.; Huang, J. Y. Energy Environ. Sci. 2011, 4, 3844. 
 197 
 (167) Gu, M.; Parent, L. R.; Mehdi, B. L.; Unocic, R. R.; McDowell, M. T.; 
Sacci, R. L.; Xu, W.; Connell, J. G.; Xu, P.; Abellan, P.; Chen, X.; Zhang, Y.; 
Perea, D. E.; Evans, J. E.; Lauhon, L. J.; Zhang, J.-G.; Liu, J.; Browning, N. 
D.; Cui, Y.; Arslan, I.; Wang, C.-M. Nano Lett. 2013, 13, 6106. 
 (168) Liu, X. H.; Zhang, L. Q.; Zhong, L.; Liu, Y.; Zheng, H.; Wang, J. W.; 
Cho, J.-H.; Dayeh, S. A.; Picraux, S. T.; Sullivan, J. P.; Mao, S. X.; Ye, Z. Z.; 
Huang, J. Y. Nano Lett. 2011, 11, 2251. 
 (169) Liu, X. H.; Huang, S.; Picraux, S. T.; Li, J.; Zhu, T.; Huang, J. Y. 
Nano Lett. 2011, 11, 3991. 
 (170) Liu, N.; Wu, H.; McDowell, M. T.; Yao, Y.; Wang, C.; Cui, Y. Nano 
Lett. 2012, 12, 3315. 
 (171) Li, H.; Huang, X.; Chen, L.; Wu, Z.; Liang, Y. Electrochem. 
Solid-State Lett. 1999, 2, 547. 
 (172) Liu, W.-R.; Guo, Z.-Z.; Young, W.-S.; Shieh, D.-T.; Wu, H.-C.; Yang, 
M.-H.; Wu, N.-L. J. Power Sources 2005, 140, 139. 
 (173) Chew, S. Y.; Guo, Z. P.; Wang, J. Z.; Chen, J.; Munroe, P.; Ng, S. H.; 
Zhao, L.; Liu, H. K. Electrochem. Commun. 2007, 9, 941. 
 (174) Song, T.; Jeon, Y.; Samal, M.; Han, H.; Park, H.; Ha, J.; Yi, D. K.; 
Choi, J.-M.; Chang, H.; Choi, Y.-M.; Paik, U. Energy Environ. Sci. 2012, 5, 
 198 
9028. 
 (175) Park, M.; Kim, K.; Kim, J.; Cho, J. Adv. Mater. 2010, 22, 415. 
 (176) Ge, M.; Rong, J.; Fang, X.; Zhou, C. Nano Lett. 2012, 12, 2318. 
 (177) Yao, X.; Xin, X.; Zhang, Y.; Wang, J.; Liu, Z.; Xu, X. J. Alloys 
Compd. 2012, 521, 95. 
 (178) Wang, Z.; Luan, D.; Madhavi, S.; Ming Li, C.; Wen Lou, X. Chem. 
Commun. 2011, 47, 8061. 
 (179) Gao, Q.; Yang, L.; Lu, X.; Mao, J.; Zhang, Y.; Wu, Y.; Tang, Y. J. 
Mater. Chem. 2010, 20, 2807. 
 (180) Wu, M.-S.; Chiang, P.-C. J. Electrochem. Commun. 2006, 8, 383. 
 (181) Zhu, J.; Sun, T.; Chen, J.; Shi, W.; Zhang, X.; Lou, X.; Mhaisalkar, S.; 
Hng, H. H.; Boey, F.; Ma, J.; Yan, Q. Chem. Mater. 2010, 22, 5333. 
 (182) Lee, W. J.; Park, M.-H.; Wang, Y.; Lee, J. Y.; Cho, J. Chem. Commun. 
2010, 46, 622. 
 (183) Ye, J.; Zhang, H.; Yang, R.; Li, X.; Qi, L. Small 2010, 6, 296. 
 (184) Lou, X. W.; Deng, D.; Lee, J. Y.; Feng, J.; Archer, L. A. Adv. Mater. 
2008, 20, 258. 
 (185) Chen, J.; Xu, L.; Li, W.; Gou, X. Adv. Mater. 2005, 17, 582. 
 (186) Hieu, N. S.; Lim, J. C.; Lee, J. K. Microelectronic Engineering 2012, 
 199 
89, 138. 
 (187) Liu, H.; Wang, G.; Park, J.; Wang, J.; Liu, H.; Zhang, C. Electrochim. 
Acta 2009, 54, 1733. 
 (188) Lee, Y. H.; Leu, I. C.; Liao, C. L.; Chang, S. T.; Wu, M. T.; Yen, J. H.; 
Fung, K. Z. Electrochem. Solid-State Lett. 2006, 9, A207. 
 (189) Ma, H.; Cheng, F.; Chen, J. Y.; Zhao, J. Z.; Li, C. S.; Tao, Z. L.; Liang, 
J. Adv. Mater. 2007, 19, 4067. 
 (190) Ma, J.; Manthiram, A. RSC Adv. 2012, 2, 3187. 
 (191) Donders, M. E.; Knoops, H. C. M.; Kessels, W. M. M.; Notten, P. H. 
L. J. Power Sources 2012, 203, 72. 
 (192) Graetz, J.; Ahn, C. C.; Yazami, R.; Fultz, B. Electrochem. Solid-State 
Lett. 2003, 6, A194. 
 (193) Morales, J.; Sánchez, L.; Martín, F.; Ramos-Barrado, J. R.; Sánchez, 
M. Electrochim. Acta 2004, 49, 4589. 
 (194) Tamura, N.; Ohshita, R.; Fujimoto, M.; Fujitani, S.; Kamino, M.; 
Yonezu, I. J. Power Sources 2002, 107, 48. 
 (195) Song, S.-W.; Striebel, K. A.; Reade, R. P.; Roberts, G. A.; Cairns, E. J. 
J. Electrochem. Soc. 2003, 150, A121. 
 (196) Yu, X. Q.; He, Y.; Sun, J. P.; Tang, K.; Li, H.; Chen, L. Q.; Huang, X. 
 200 
J. Electrochem. Commun. 2009, 11, 791. 
 (197) Graetz, J.; Ahn, C. C.; Yazami, R.; Fultz, B. J. Electrochem. Soc. 
2004, 151, A698. 
 (198) Takamura, T.; Uehara, M.; Suzuki, J.; Sekine, K.; Tamura, K. J. 
Power Sources 2006, 158, 1401. 
 (199) Mukaibo, H.; Osaka, T.; Reale, P.; Panero, S.; Scrosati, B.; Wachtler, 
M. J. Power Sources 2004, 132, 225. 
 (200) Yang, J.; Takeda, Y.; Imanishi, N.; Yamamoto, O. J. Electrochem. Soc. 
1999, 146, 4009. 
 (201) Kim, H.; Son, Y.; Park, C.; Lee, M.-J.; Hong, M.; Kim, J.; Lee, M.; 
Cho, J.; Choi, H. C. Nano Lett. 2015, 15, 4135. 
 (202) Liu, Y.; Vishniakou, S.; Yoo, J.; Dayeh, S. A. Sci Rep. 2015, 5, 18482. 
 (203) Wilson, A. M.; Dahn, J. R. J. Electrochem. Soc. 1995, 142, 326. 
 (204) Wang, G. X.; Yao, J.; Liu, H. K. Electrochem. Solid-State Lett. 2004, 
7, A250. 
 (205) Dimov, N.; Kugino, S.; Yoshio, M. Electrochim. Acta 2003, 48, 1579. 
 (206) Yang, J.; Wang, B. F.; Wang, K.; Liu, Y.; Xie, J. Y.; Wen , Z. S. 
Electrochem. Solid-State Lett. 2003, 6, A154. 
 (207) Yuan, F.-W.; Yang, H.-J.; Tuan, H.-Y. ACS Nano 2012, 6, 9932. 
 201 
 (208) Li, W.; Yang, Z.; Cheng, J.; Zhong, X.; Gu, L.; Yu, Y. Nanoscale 2014, 
6, 4532. 
 (209) Seo, M. H.; Park, M.; Lee, K. T.; Kim, K.; Kim, J.; Cho, J. Energy 
Environ. Sci. 2011, 4, 425. 
 (210) Hanai, K.; Liu, Y.; Imanishi, N.; Hirano, A.; Matsumura, M.; 
Ichikawa, T.; Takeda, Y. J. Power Sources 2005, 146, 156. 
 (211) Kim, I. s.; Kumta, P. N.; Blomgren, G. E. Electrochem. Solid-State 
Lett. 2000, 3, 493. 
 (212) Kim, I.-s.; Blomgren, G. E.; Kumta, P. N. J. Power Sources 2004, 130, 
275. 
 (213) Yoon, S.; Manthiram, A. Chem. Mater. 2009, 21, 3898. 
 (214) Lee, H.-Y.; Lee, S.-M. Electrochem. Commun. 2004, 6, 465. 
 (215) Zhao, X.; Xia, D.; Zheng, K. J. Alloys Compd. 2012, 513, 460. 
 (216) Lee, H.-Y.; Lee, S.-M. J. Power Sources 2002, 112, 649. 
 (217) Kim, B.-C.; Uono, H.; Satou, T.; Fuse, T.; Ishihara, T.; Ue, M.; Senna, 
M. J. Electrochem. Soc. 2005, 152, A523. 
 (218) Kim, H.; Im, D.; Doo, S. G. J. Power Sources 2007, 174, 588. 
 (219) Seng, K. H.; Park, M.-h.; Guo, Z. P.; Liu, H. K.; Cho, J. Nano Lett. 
2013, 13, 1230. 
 202 
 (220) Sun, X.; Chen, T.; Yang, Z.; Peng, H. Acc. Chem. Res. 2012, 46, 539. 
 (221) Lv, D.; Gordin, M., L.; Yi, R.; Xu, T.; Song, J.; Jiang, Y.; Choi, D.; 
Wang, D. Adv. Funct. Mater. 2014, 24, 1059. 
 (222) Prem Kumar, T.; Ramesh, R.; Lin, Y. Y.; Fey, G. T.-K. Electrochem. 
Commun. 2004, 6, 520. 
 (223) Wu, Y.; Yang, P. Appl. Phys. Lett. 2000, 77, 43. 
 (224) Yang, S.; Feng, X.; Ivanovici, S.; Müllen, K. Angew. Chem. Int. Ed. 
2010, 49, 8408. 
 (225) Ren, J. G.; Wu, Q. H.; Tang, H.; Hong, G.; Zhang, W.; Lee, S. T. J. 
Mater. Chem. A 2013, 1, 1821. 
 (226) Xia, F.; Hu, X.; Sun, Y.; Luo, W.; Huang, Y. Nanoscale 2012, 4, 4707. 
 (227) Son, I. H.; Hwan Park, J.; Kwon, S.; Park, S.; Rummeli, M. H.; 
Bachmatiuk, A.; Song, H. J.; Ku, J.; Choi, J. W.; Choi, J.-m.; Doo, S.-G.; 
Chang, H. Nat. Commun. 2015, 6, 7393. 
 (228) Zhou, X.; Yin, Y.-X.; Wan, L.-J.; Guo, Y.-G. Chem. Commun. 2012, 
48, 2198. 
 (229) Li, Y.; Yan, K.; Lee, H.-W.; Lu, Z.; Liu, N.; Cui, Y. Nat. Energy 2016, 
1, 15029. 
 (230) Chen, S.; Gordin, M. L.; Yi, R.; Howlett, G.; Sohn, H.; Wang, D. 
 203 
Phys. Chem. Chem. Phys. 2012, 14, 12741. 
 (231) Zhu, J.; Yang, D.; Yin, Z.; Yan, Q.; Zhang, H. Small 2014, 10, 3480. 
 (232) Zhou, G.; Wang, D.-W.; Yin, L.-C.; Li, N.; Li, F.; Cheng, H.-M. ACS 
Nano 2012, 6, 3214. 
 (233) Zubir, N. A.; Yacou, C.; Motuzas, J.; Zhang, X.; Diniz da Costa, J. C. 
Sci Rep. 2014, 4, 4594. 
 (234) Wang, C.; Wu, H.; Chen, Z.; McDowell, M. T.; Cui, Y.; Bao, Z. Nat. 
Chem. 2013, 5, 1042. 
 (235) Li, J.; Le, D.-B.; Ferguson, P. P.; Dahn, J. R. Electrochim. Acta 2010, 
55, 2991. 
 (236) Liu, J.; Zhang, Q.; Wu, Z.-Y.; Wu, J.-H.; Li, J.-T.; Huang, L.; Sun, 
S.-G. Chem. Commun. 2014, 50, 6386. 
 (237) Delmas, C.; Fouassier, C.; Hagenmuller, P. Physica B+C 1980, 99, 
81. 
 (238) Braconnier, J.-J.; Delmas, C.; Fouassier, C.; Hagenmuller, P. Mater. 
Res. Bull. 1980, 15, 1797. 
 (239) Berthelot, R.; Carlier, D.; Delmas, C. Nat. Mater. 2011, 10, 74. 
 (240) Delmas, C.; Braconnier, J.-J.; Fouassier, C.; Hagenmuller, P. Solid 
State Ionics 1981, 3–4, 165. 
 204 
 (241) Molenda, J.; StokŁlosa, A. Solid State Ionics 1990, 38, 1. 
 (242) Miyazaki, S.; Kikkawa, S.; Koizumi, M. Synthetic Met. 1983, 6, 211. 
 (243) Yu, C.-Y.; Park, J.-S.; Jung, H.-G.; Chung, K.-Y.; Aurbach, D.; Sun, 
Y.-K.; Myung, S.-T. Energy Environ. Sci. 2015, 8, 2019. 
 (244) Vassilaras, P.; Ma, X.; Li, X.; Ceder, G. J. Electrochem. Soc. 2013, 
160, A207. 
 (245) Reed, J.; Ceder, G.; Van Der Ven , A. Electrochem. Solid-State Lett. 
2001, 4, A78. 
 (246) Ma, X.; Chen, H.; Ceder, G. J. Electrochem. Soc. 2011, 158, A1307. 
 (247) Mendiboure, A.; Delmas, C.; Hagenmuller, P. J. Solid State Chem. 
1985, 57, 323. 
 (248) Billaud, J.; Clément, R. J.; Armstrong, A. R.; Canales-Vázquez, J.; 
Rozier, P.; Grey, C. P.; Bruce, P. G. J. Am. Chem. Soc. 2014, 136, 17243. 
 (249) Yabuuchi, N.; Kajiyama, M.; Iwatate, J.; Nishikawa, H.; Hitomi, S.; 
Okuyama, R.; Usui, R.; Yamada, Y.; Komaba, S. Nat. Mater. 2012, 11, 512. 
 (250) Komaba, S.; Yabuuchi, N.; Nakayama, T.; Ogata, A.; Ishikawa, T.; 
Nakai, I. Inorg. Chem. 2012, 51, 6211. 
 (251) Carlier, D.; Cheng, J. H.; Berthelot, R.; Guignard, M.; Yoncheva, M.; 
Stoyanova, R.; Hwang, B. J.; Delmas, C. Dalton Trans. 2011, 40, 9306. 
 205 
 (252) Lu, Z.; Dahn, J. R. J. Electrochem. Soc. 2001, 148, A1225. 
 (253) Lee, D. H.; Xu, J.; Meng, Y. S. Phys. Chem. Chem. Phys. 2013, 15, 
3304. 
 (254) Sathiya, M.; Hemalatha, K.; Ramesha, K.; Tarascon, J. M.; Prakash, 
A. S. Chem. Mater. 2012, 24, 1846. 
 (255) Buchholz, D.; Moretti, A.; Kloepsch, R.; Nowak, S.; Siozios, V.; 
Winter, M.; Passerini, S. Chem. Mater. 2013, 25, 142. 
 (256) Liu, L.; Li, X.; Bo, S.-H.; Wang, Y.; Chen, H.; Twu, N.; Wu, D.; 
Ceder, G. Adv. Energy Mater. 2015, 5, 1500944. 
 (257) Yuan, D.; He, W.; Pei, F.; Wu, F.; Wu, Y.; Qian, J.; Cao, Y.; Ai, X.; 
Yang, H. J. Mater. Chem. A 2013, 1, 3895. 
 (258) Mu, L.; Xu, S.; Li, Y.; Hu, Y.-S.; Li, H.; Chen, L.; Huang, X. Adv. 
Mater. 2015, 27, 6928. 
 (259) Kim, D.; Kang, S.-H.; Slater, M.; Rood, S.; Vaughey, J. T.; Karan, N.; 
Balasubramanian, M.; Johnson, C. S. Adv. Energy Mater. 2011, 1, 333. 
 (260) Wang, P.-F.; You, Y.; Yin, Y.-X.; Wang, Y.-S.; Wan, L.-J.; Gu, L.; Guo, 
Y.-G. Angew. Chem. Int. Ed. 2016, 55, 7445. 
 (261) Yoshida, H.; Yabuuchi, N.; Kubota, K.; Ikeuchi, I.; Garsuch, A.; 
Schulz-Dobrick, M.; Komaba, S. Chem. Commun. 2014, 50, 3677. 
 206 
 (262) Wu, X.; Guo, J.; Wang, D.; Zhong, G.; McDonald, M. J.; Yang, Y. J. 
Power Sources 2015, 281, 18. 
 (263) Doeff, M. M.; Peng, M. Y.; Ma, Y.; De Jonghe, L. C. J. Electrochem. 
Soc. 1994, 141, L145. 
 (264) Wang, Y.; Liu, J.; Lee, B.; Qiao, R.; Yang, Z.; Xu, S.; Yu, X.; Gu, L.; 
Hu, Y.-S.; Yang, W.; Kang, K.; Li, H.; Yang, X.-Q.; Chen, L.; Huang, X. Nat. 
Commun. 2015, 6, 6401. 
 (265) Hosono, E.; Kudo, T.; Honma, I.; Matsuda, H.; Zhou, H. Nano Lett. 
2009, 9, 1045. 
 (266) Gong, Z.; Yang, Y. Energy Environ. Sci. 2011, 4, 3223. 
 (267) Barpanda, P.; Ye, T.; Nishimura, S.-i.; Chung, S.-C.; Yamada, Y.; 
Okubo, M.; Zhou, H.; Yamada, A. Electrochem. Commun. 2012, 24, 116. 
 (268) Fang, C.; Huang, Y.; Zhang, W.; Han, J.; Deng, Z.; Cao, Y.; Yang, H. 
Adv. Energy Mater. 2015, 6, 1501727. 
 (269) Barpanda, P.; Nishimura, S.-i.; Yamada, A. Adv. Energy Mater. 2012, 
2, 841. 
 (270) Kim, J.; Seo, D.-H.; Kim, H.; Park, I.; Yoo, J.-K.; Jung, S.-K.; Park, 
Y.-U.; Goddard Iii, W. A.; Kang, K. Energy Environ. Sci. 2015, 8, 540. 
 (271) Kim, H.; Shakoor, R. A.; Park, C.; Lim, S. Y.; Kim, J.-S.; Jo, Y. N.; 
 207 
Cho, W.; Miyasaka, K.; Kahraman, R.; Jung, Y.; Choi, J. W. Adv. Funct. 
Mater. 2013, 23, 1147. 
 (272) Ellis, B. L.; Makahnouk, W. R. M.; Makimura, Y.; Toghill, K.; Nazar, 
L. F. Nat. Mater. 2007, 6, 749. 
 (273) Kim, H.; Park, I.; Seo, D.-H.; Lee, S.; Kim, S.-W.; Kwon, W. J.; Park, 
Y.-U.; Kim, C. S.; Jeon, S.; Kang, K. J. Am. Chem. Soc. 2012, 134, 10369. 
 (274) Hasa, I.; Hassoun, J.; Sun, Y.-K.; Scrosati, B. ChemPhysChem 2014, 
15, 2152. 
 (275) Moreau, P.; Guyomard, D.; Gaubicher, J.; Boucher, F. Chem. Mater. 
2010, 22, 4126. 
 (276) Wang, J.; Sun, X. Energy Environ. Sci. 2015, 8, 1110. 
 (277) Whiteside, A.; Fisher, C. A. J.; Parker, S. C.; Saiful Islam, M. Phys. 
Chem. Chem. Phys. 2014, 16, 21788. 
 (278) Lu, J.; Chung, S. C.; Nishimura, S.-i.; Yamada, A. Chem. Mater. 2013, 
25, 4557. 
 (279) Galceran, M.; Saurel, D.; Acebedo, B.; Roddatis, V. V.; Martin, E.; 
Rojo, T.; Casas-Cabanas, M. Phys. Chem. Chem. Phys. 2014, 16, 8837. 
 (280) Casas-Cabanas, M.; Roddatis, V. V.; Saurel, D.; Kubiak, P.; 
Carretero-Gonzalez, J.; Palomares, V.; Serras, P.; Rojo, T. J. Mater. Chem. 
 208 
2012, 22, 17421. 
 (281) Oh, S.-M.; Myung, S.-T.; Hassoun, J.; Scrosati, B.; Sun, Y.-K. 
Electrochem. Commun. 2012, 22, 149. 
 (282) Zhu, Y.; Xu, Y.; Liu, Y.; Luo, C.; Wang, C. Nanoscale 2013, 5, 780. 
 (283) Vujković, M.; Mentus, S. J. Power Sources 2014, 247, 184. 
 (284) Boucher, F.; Gaubicher, J.; Cuisinier, M.; Guyomard, D.; Moreau, P. J. 
Am. Chem. Soc. 2014, 136, 9144. 
 (285) Li, C.; Miao, X.; Chu, W.; Wu, P.; Tong, D. G. J. Mater. Chem. A 
2015, 3, 8265. 
 (286) Lee, K. T.; Ramesh, T. N.; Nan, F.; Botton, G.; Nazar, L. F. Chem. 
Mater. 2011, 23, 3593. 
 (287) Barpanda, P.; Ye, T.; Nishimura, S.-i.; Chung, S.-C.; Yamada, Y.; 
Okubo, M.; Zhou, H.; Yamada, A. Electrochem. Commun. 2012, 24, 116. 
 (288) Barpanda, P.; Lu, J.; Ye, T.; Kajiyama, M.; Chung, S.-C.; Yabuuchi, 
N.; Komaba, S.; Yamada, A. RSC Adv. 2013, 3, 3857. 
 (289) Sanz, F.; Parada, C.; Rojo, J. M.; Ruíz-Valero, C. Chem. Mater. 2001, 
13, 1334. 
 (290) Wang, G. X.; Bradhurst, D. H.; Dou, S. X.; Liu, H. K. J. Power 
Sources 2003, 124, 231. 
 209 
 (291) Padhi, A. K.; Nanjundaswamy, K. S.; Masquelier, C.; Goodenough, J. 
B. J. Electrochem. Soc. 1997, 144, 2581. 
 (292) Delmas, C.; Cherkaoui, F.; Nadiri, A.; Hagenmuller, P. Mater. Res. 
Bull. 1987, 22, 631. 
 (293) Goodenough, J. B.; Hong, H. Y. P.; Kafalas, J. A. Mater. Res. Bull. 
1976, 11, 203. 
 (294) Jian, Z.; Zhao, L.; Pan, H.; Hu, Y.-S.; Li, H.; Chen, W.; Chen, L. 
Electrochem. Commun. 2012, 14, 86. 
 (295) Jian, Z.; Han, W.; Lu, X.; Yang, H.; Hu, Y.-S.; Zhou, J.; Zhou, Z.; Li, 
J.; Chen, W.; Chen, D.; Chen, L. Adv. Energy Mater. 2013, 3, 156. 
 (296) An, Q.; Xiong, F.; Wei, Q.; Sheng, J.; He, L.; Ma, D.; Yao, Y.; Mai, L. 
Adv. Energy Mater. 2015, 5, 1401963. 
 (297) Plashnitsa, L. S.; Kobayashi, E.; Noguchi, Y.; Okada, S.; Yamaki, J.-i. 
J. Electrochem. Soc. 2010, 157, A536. 
 (298) Jiang, Y.; Yang, Z.; Li, W.; Zeng, L.; Pan, F.; Wang, M.; Wei, X.; Hu, 
G.; Gu, L.; Yu, Y. Adv. Energy Mater. 2015, 5, 1402104. 
 (299) Rui, X.; Sun, W.; Wu, C.; Yu, Y.; Yan, Q. Adv. Mater. 2015, 27, 6670. 
 (300) Zhu, C.; Song, K.; van Aken, P. A.; Maier, J.; Yu, Y. Nano Lett. 2014, 
14, 2175. 
 210 
 (301) Senguttuvan, P.; Rousse, G.; Arroyo y de Dompablo, M. E.; Vezin, H.; 
Tarascon, J. M.; Palacín, M. R. J. Am. Chem. Soc. 2013, 135, 3897. 
 (302) Zheng, J.; Ren, Z.; Guo, P.; Fang, L.; Fan, J. Appl. Surf. Sci. 2011, 
258, 1651. 
 (303) Yang, C.-K. Appl. Phys. Lett. 2009, 94, 163115. 
 (304) Chan, K. T.; Neaton, J. B.; Cohen, M. L. Phys. Rev. B 2008, 77, 
235430. 
 (305) Dahn, J. R.; Zheng, T.; Liu, Y.; Xue, J. S. Science 1995, 270, 590. 
 (306) Pollak, E.; Geng, B.; Jeon, K.-J.; Lucas, I. T.; Richardson, T. J.; Wang, 
F.; Kostecki, R. Nano Lett. 2010, 10, 3386. 
 (307) Liu, M.; Kutana, A.; Liu, Y.; Yakobson, B. I. J. Phys. Chem. Lett. 
2014, 5, 1225. 
 (308) Liu, Y.; Artyukhov, V. I.; Liu, M.; Harutyunyan, A. R.; Yakobson, B. I. 
J. Phys. Chem. Lett. 2013, 4, 1737. 
 (309) Lee, E.; Persson, K. A. Nano Lett. 2012, 12, 4624. 
 (310) Xiao, B.; Li, X.; Li, X.; Wang, B.; Langford, C.; Li, R.; Sun, X. J. 
Phys. Chem. C 2014, 118, 881. 
 (311) Zhu, J.; Sharma, Y. K.; Zeng, Z.; Zhang, X.; Srinivasan, M.; 
Mhaisalkar, S.; Zhang, H.; Hng, H. H.; Yan, Q. J. Phys. Chem. C 2011, 115, 
 211 
8400. 
 (312) Zhou, X.; Wan, L.-J.; Guo, Y.-G. Adv. Mater. 2013, 25, 2152. 
 (313) Béguin, F.; Chevallier, F.; Vix-Guterl, C.; Saadallah, S.; Bertagna, V.; 
Rouzaud, J. N.; Frackowiak, E. Carbon 2005, 43, 2160. 
 (314) Fong, R.; von Sacken, U.; Dahn, J. R. J. Electrochem. Soc. 1990, 137, 
2009. 
 (315) Simon, B.; Flandrois, S.; Fevrier-bouvier, A.; Biensan, P. Mol. Cryst. 
Liq. Cryst. Sci. Tech. A. Mol Cryst. Liq. Cryst. 1998, 310, 333. 
 (316) Wu, Z.-S.; Ren, W.; Xu, L.; Li, F.; Cheng, H.-M. ACS Nano 2011, 5, 
5463. 
 (317) Hummers, W. S.; Offeman, R. E. J. Am. Chem. Soc. 1958, 80, 1339. 
 (318) Aurbach, D.; Levi, M. D.; Levi, E.; Schechter, A. J. Phys. Chem. B 
1997, 101, 2195. 
 (319) Kang, S. H.; Abraham, D. P.; Xiao, A.; Lucht, B. L. J. Power Sources 
2008, 175, 526. 
 (320) Besenhard, J. O.; Winter, M.; Yang, J.; Biberacher, W. J. Power 
Sources 1995, 54, 228. 
 (321) Jang, B. Z.; Liu, C.; Neff, D.; Yu, Z.; Wang, M. C.; Xiong, W.; Zhamu, 
A. Nano Lett. 2011, 11, 3785. 
 212 
 (322) Inaba, M.; Yoshida, H.; Ogumi, Z.; Abe, T.; Mizutani, Y.; Asano, M. J. 
Electrochem. Soc. 1995, 142, 20. 
 (323) Tuinstra, F.; Koenig, J. L. The Journal of Chemical Physics 1970, 53, 
1126. 
 (324) Baddour-Hadjean, R.; Pereira-Ramos, J.-P. Chem. Rev. 2010, 110, 
1278. 
 (325) Bendiab, N.; Spina, L.; Zahab, A.; Poncharal, P.; Marlière, C.; 
Bantignies, J. L.; Anglaret, E.; Sauvajol, J. L. Phys. Rev. B 2001, 63, 153407. 
 (326) Huang, W.; Frech, R. J. Electrochem. Soc. 1998, 145, 765. 
 (327) Meyer, B. M.; Leifer, N.; Sakamoto, S.; Greenbaum, S. G.; Grey, C. P. 
Electrochem. Solid-State Lett. 2005, 8, A145. 
 (328) Dupre, N.; Cuisinier, M.; Guyomard, D. Electrochem. Soc. Interface 
2011, 20, 61. 
 (329) Tang, W.; Liu, Y.; Peng, C.; Hu, M. Y.; Deng, X.; Lin, M.; Hu, J. Z.; 
Loh, K. P. J. Am. Chem. Soc. 2015, 137, 2600. 
 (330) Hu, J. Z.; Kwak, J. H.; Yang, Z.; Osborn, W.; Markmaitree, T.; Shaw, 
L. L. J. Power Sources 2008, 182, 278. 
 (331) Bhattacharyya, R.; Key, B.; Chen, H.; Best, A. S.; Hollenkamp, A. F.; 
Grey, C. P. Nat. Mater. 2010, 9, 504. 
 213 
 (332) Hu, J. Z.; Zhao, Z.; Hu, M. Y.; Feng, J.; Deng, X.; Chen, X.; Xu, W.; 
Liu, J.; Zhang, J.-G. J. Power Sources 2016, 304, 51. 
 (333) Liu, J.; Tang, S.; Lu, Y.; Cai, G.; Liang, S.; Wang, W.; Chen, X. 
Energy Environ. Sci. 2013, 6, 2691. 
 (334) Lu, J.; Yeo, P. S. E.; Gan, C. K.; Wu, P.; Loh, K. P. Nat. Nanotechnol. 
2011, 6, 247. 
 (335) Wang, Y.; Tong, S. W.; Xu, X. F.; Özyilmaz, B.; Loh, K. P. Adv. Mater. 
2011, 23, 1514. 
 (336) Bao, C.; Song, L.; Xing, W.; Yuan, B.; Wilkie, C. A.; Huang, J.; Guo, 
Y.; Hu, Y. J. Mater. Chem. 2012, 22, 6088. 
 (337) Weng, Z.; Li, F.; Wang, D.-W.; Wen, L.; Cheng, H.-M. Angew. Chem. 
Int. Ed. 2013, 52, 3722. 
 (338) Wang, C.; Li, D.; Too, C. O.; Wallace, G. G. Chem. Mater. 2009, 21, 
2604. 
 (339) Liu, Y.; Zhang, H.; Ouyang, P.; Chen, W.; Wang, Y.; Li, Z. J. Mater. 
Chem. A 2014, 2, 4714. 
 (340) J. F. Moulder; W. F. Stickle; P. E. Sobol; Bomben, K. D. Handbook of 
X-ray Photoelectron Spectroscopy; Perkin-Elmer Corporation: Eden Prairie, 
MN, 1992. 
 214 
 (341) Dedryvère, R.; Laruelle, S.; Grugeon, S.; Poizot, P.; Gonbeau, D.; 
Tarascon, J. M. Chem. Mater. 2004, 16, 1056. 
 (342) Huang, Z. X.; Wang, Y.; Zhu, Y. G.; Shi, Y.; Wong, J. I.; Yang, H. Y. 
Nanoscale 2014, 6, 9839. 
 (343) Zhou, J.; Song, H.; Ma, L.; Chen, X. RSC Adv. 2011, 1, 782. 
 (344) Yi, R.; Dai, F.; Gordin, M. L.; Sohn, H.; Wang, D. Adv. Energy Mater. 
2013, 3, 1507. 
 (345) Abouimrane, A.; Dambournet, D.; Chapman, K. W.; Chupas, P. J.; 
Weng, W.; Amine, K. J. Am. Chem. Soc. 2012, 134, 4505. 
 (346) Yang, S.; Bachman, R. E.; Feng, X.; Müllen, K. Acc. Chem. Res. 
2012, 46, 116. 
 (347) Ren, J.; Zhang, Y.; Bai, W.; Chen, X.; Zhang, Z.; Fang, X.; Weng, W.; 
Wang, Y.; Peng, H. Angew. Chem. Int. Ed. 2014, 53, 7864. 
 (348) Ge, M.; Fang, X.; Rong, J.; Zhou, C. Nanotechnology 2013, 24, 
422001. 
 (349) Ge, M.; Lu, Y.; Ercius, P.; Rong, J.; Fang, X.; Mecklenburg, M.; Zhou, 
C. Nano Lett. 2013, 14, 261. 
 (350) Yao, Y.; McDowell, M. T.; Ryu, I.; Wu, H.; Liu, N.; Hu, L.; Nix, W. 
D.; Cui, Y. Nano Lett. 2011, 11, 2949. 
 215 
 (351) Xiao, Y.; Cao, M.; Ren, L.; Hu, C. Nanoscale 2012, 4, 7469. 
 (352) Zhang, Z.; Wang, Y.; Ren, W.; Tan, Q.; Chen, Y.; Li, H.; Zhong, Z.; 
Su, F. Angew. Chem. Int. Ed. 2014, 53, 5165. 
 (353) Kang, B.; Ceder, G. Nature 2009, 458, 190. 
 (354) Zaghib, K.; Goodenough, J. B.; Mauger, A.; Julien, C. J. Power 
Sources 2009, 194, 1021. 
 (355) Kang, K.; Meng, Y. S.; Bréger, J.; Grey, C. P.; Ceder, G. Science 2006, 
311, 977. 
 (356) Yoon, S.; Park, C.-M.; Sohn, H.-J. Electrochem. Solid-State Lett. 
2008, 11, A42. 
 (357) Lin, F.; Nordlund, D.; Weng, T.-C.; Zhu, Y.; Ban, C.; Richards, R., M.; 
L.Xin, H. Nat. Commun. 2014, 5, 3358. 
 (358) Chevallier, F.; Letellier, M.; Morcrette, M.; Tarascon, J.-M.; 
Frackowiak, E.; Rouzaud, J.-N.; Béguin, F. Electrochem. Solid-State Lett. 
2003, 6, A225. 
 (359) Letellier, M.; Chevallier, F.; Béguin, F. J. Phys. Chem. Solids 2006, 
67, 1228. 
 (360) Key, B.; Bhattacharyya, R.; Morcrette, M.; Seznéc, V.; Tarascon, 
J.-M.; Grey, C. P. J. Am. Chem. Soc. 2009, 131, 9239. 
 216 
 (361) Hata, K.; Futaba, D. N.; Mizuno, K.; Namai, T.; Yumura, M.; Iijima, 
S. Science 2004, 306, 1362. 
 (362) Zou, Y.; Wang, Y. ACS Nano 2011, 5, 8108. 
 (363) Key, B.; Morcrette, M.; Tarascon, J.-M.; Grey, C. P. J. Am. Chem. Soc. 
2010, 133, 503. 
 (364) Rangeet, B.; Baris, K.; Hailong, C.; Adam, S. B.; Anthony, F. H.; 
Clare, P. G. Nat. Mater. 2010, 9, 504. 
 (365) Hwang, J.-Y.; Oh, S.-M.; Myung, S.-T.; Chung, K. Y.; Belharouak, I.; 
Sun, Y.-K. Nat. Commun. 2015, 6, 6865. 
 (366) Guignard, M.; Didier, C.; Darriet, J.; Bordet, P.; Elkaïm, E.; Delmas, 
C. Nat. Mater. 2013, 12, 74. 
 (367) Liu, H.; Xu, J.; Ma, C.; Meng, Y. S. Chem. Commun. 2015, 51, 4693. 
 (368) Guo, S.; Liu, P.; Sun, Y.; Zhu, K.; Yi, J.; Chen, M.; Ishida, M.; Zhou, 
H. Angew. Chem. Int. Ed. 2015, 54, 11701. 
 (369) Cao, Y.; Xiao, L.; Wang, W.; Choi, D.; Nie, Z.; Yu, J.; Saraf, L. V.; 
Yang, Z.; Liu, J. Adv. Mater. 2011, 23, 3155. 
 (370) Sauvage, F.; Laffont, L.; Tarascon, J. M.; Baudrin, E. Inorg. Chem. 
2007, 46, 3289. 
 (371) Li, S.; Dong, Y.; Xu, L.; Xu, X.; He, L.; Mai, L. Adv. Mater. 2014, 26, 
 217 
3545. 
 (372) Park, Y.-U.; Seo, D.-H.; Kim, H.; Kim, J.; Lee, S.; Kim, B.; Kang, K. 
Adv. Funct. Mater. 2014, 24, 4603. 
 (373) Zaghib, K.; Trottier, J.; Hovington, P.; Brochu, F.; Guerfi, A.; Mauger, 
A.; Julien, C. M. J. Power Sources 2011, 196, 9612. 
 (374) Peng, M.; Li, B.; Yan, H.; Zhang, D.; Wang, X.; Xia, D.; Guo, G. 
Angew. Chem. Int. Ed. 2015, 54, 6452. 
 (375) Chung, S.-Y.; Bloking, J. T.; Chiang, Y.-M. Nat. Mater. 2002, 1, 123. 
 (376) Barker, J.; Saidi, M. Y.; Swoyer, J. L. Electrochem. Solid-State Lett. 
2003, 6, A1. 
 (377) Fang, Y.; Liu, Q.; Xiao, L.; Ai, X.; Yang, H.; Cao, Y. ACS Appl. Mat. 
Interfaces 2015, 7, 17977. 
 (378) Zhu, J.; Deng, D. Angew. Chem. Int. Ed. 2015, 54, 3079. 
 (379) Zhou, Y.-N.; Sina, M.; Pereira, N.; Yu, X.; Amatucci, G. G.; Yang, 
X.-Q.; Cosandey, F.; Nam, K.-W. Adv. Funct. Mater. 2015, 25, 696. 
 (380) Sakaushi, K.; Hosono, E.; Nickerl, G.; Gemming, T.; Zhou, H.; 
Kaskel, S.; Eckert, J. Nat. Commun. 2013, 4, 1485. 
 (381) Wang, L.; Song, J.; Qiao, R.; Wray, L. A.; Hossain, M. A.; Chuang, 
Y.-D.; Yang, W.; Lu, Y.; Evans, D.; Lee, J.-J.; Vail, S.; Zhao, X.; Nishijima, 
 218 
M.; Kakimoto, S.; Goodenough, J. B. J. Am. Chem. Soc. 2015, 137, 2548. 
 (382) Wang, S.; Wang, L.; Zhu, Z.; Hu, Z.; Zhao, Q.; Chen, J. Angew. Chem. 
2014, 126, 6002. 
 (383) Novák, P.; Müller, K.; Santhanam, K. S. V.; Haas, O. Chem. Rev. 
1997, 97, 207. 
 (384) Wang, H.-g.; Yuan, S.; Ma, D.-l.; Huang, X.-l.; Meng, F.-l.; Zhang, 
X.-b. Adv. Energy Mater. 2014, 4, 1301651. 
 (385) Mähler, J.; Persson, I. Inorg. Chem. 2012, 51, 425. 
 (386) Pye, C. C.; Rudolph, W.; Poirier, R. A. J. Phys. Chem. 1996, 100, 
601. 
 (387) Bogle, X.; Vazquez, R.; Greenbaum, S.; Cresce, A. v. W.; Xu, K. J. 
Phys. Chem. Lett. 2013, 4, 1664. 
 (388) Yanase, S.; Oi, T. J. Nucl. Sci. Technol. 2002, 39, 1060. 
 (389) Frisch, M. J. Gaussian 09; Gaussian: Wallingford, CT, 2009. 
 (390) Manna, L.; Wang; Cingolani, R.; Alivisatos, A. P. J. Phys. Chem. B 
2005, 109, 6183. 
 (391) Zhou, F.; Marianetti, C. A.; Cococcioni, M.; Morgan, D.; Ceder, G. 
Phys. Rev. B 2004, 69, 201101. 
 (392) Johnson, J. W.; Oelkers, E. H.; Helgeson, H. C. Comput. Geosci. 
 219 
1992, 18, 899. 
 (393) Persson, K. A.; Waldwick, B.; Lazic, P.; Ceder, G. Phys. Rev. B 2012, 
85, 235438. 
 (394) Oh, S. W.; Myung, S.-T.; Oh, S.-M.; Oh, K. H.; Amine, K.; Scrosati, 
B.; Sun, Y.-K. Adv. Mater. 2010, 22, 4842. 
 (395) Zheng, J.; Hou, Y.; Duan, Y.; Song, X.; Wei, Y.; Liu, T.; Hu, J.; Guo, 
H.; Zhuo, Z.; Liu, L.; Chang, Z.; Wang, X.; Zherebetskyy, D.; Fang, Y.; Lin, 
Y.; Xu, K.; Wang, L.-W.; Wu, Y.; Pan, F. Nano Lett. 2015, 15, 6102. 
 (396) von Cresce, A.; Xu, K. Electrochem. Solid-State Lett. 2011, 14, A154. 
 (397) Pasta, M.; Wessells, C. D.; Liu, N.; Nelson, J.; McDowell, M. T.; 
Huggins, R. A.; Toney, M. F.; Cui, Y. Nat. Commun. 2014, 5, 3007. 
 (398) Luo, J.-Y.; Cui, W.-J.; He, P.; Xia, Y.-Y. Nat. Chem. 2010, 2, 760. 
 (399) Wu, X.-Y.; Sun, M.-Y.; Shen, Y.-F.; Qian, J.-F.; Cao, Y.-L.; Ai, X.-P.; 
Yang, H.-X. ChemSusChem 2014, 7, 407. 
 (400) Kim, H.; Hong, J.; Park, K.-Y.; Kim, H.; Kim, S.-W.; Kang, K. Chem. 
Rev. 2014, 114, 11788. 
 (401) Cui, Y.; Abouimrane, A.; Lu, J.; Bolin, T.; Ren, Y.; Weng, W.; Sun, C.; 
Maroni, V. A.; Heald, S. M.; Amine, K. J. Am. Chem. Soc. 2013, 135, 8047. 
 (402) Ohmer, N.; Fenk, B.; Samuelis, D.; Chen, C.-C.; Maier, J.; Weigand, 
 220 
M.; Goering, E.; Schütz, G. Nat. Commun. 2015, 6, 6045. 
 (403) Wang, J.; Karen, Y.-c.; Chen-Wiegart; Wang, J. Nat. Commun. 2014, 
5, 4570. 
 (404) Liu, Q.; Li, Z.-F.; Liu, Y.; Zhang, H.; Ren, Y.; Sun, C.-J.; Lu, W.; 
Zhou, Y.; Stanciu, L.; Stach, E. A.; Xie, J. Nat. Commun. 2015, 6, 6127. 
 (405) Zhong, J.; Zhang, H.; Sun, X.; Lee, S.-T. Adv. Mater. 2014, 26, 7786. 
 (406) Pongha, S.; Seekoaon, B.; Limphirat, W.; Kidkhunthod, P.; Srilomsak, 
S.; Chiang, Y.-M.; Meethong, N. Adv. Energy Mater. 2015, 5, 201500663. 
 (407) Guo, B.; Yu, X.; Sun, X.-G.; Chi, M.; Qiao, Z.-A.; Liu, J.; Hu, Y.-S.; 
Yang, X.-Q.; Goodenough, J. B.; Dai, S. Energy Environ. Sci. 2014, 7, 2220. 
 (408) Nam, K.-W.; Yoon, W.-S.; Zaghib, K.; Yoon Chung, K.; Yang, X.-Q. 
Electrochem. Commun. 2009, 11, 2023. 
 (409) Deb, A.; Bergmann, U.; Cramer, S. P.; Cairns, E. J. Electrochim. Acta 
2005, 50, 5200. 
 (410) Galceran, M.; Roddatis, V.; Zúñiga, F. J.; Pérez-Mato, J. M.; Acebedo, 
B.; Arenal, R.; Peral, I.; Rojo, T.; Casas-Cabanas, M. Chem. Mater. 2014, 26, 
3289. 
 (411) Dreyer, W.; Jamnik, J.; Guhlke, C.; Huth, R.; Moskon, J.; Gaberscek, 
M. Nat. Mater. 2010, 9, 448. 
 221 
 (412) Wagemaker, M.; Borghols, W. J. H.; Mulder, F. M. J. Am. Chem. Soc. 
2007, 129, 4323. 
 (413) Liu, H.; Strobridge, F. C.; Borkiewicz, O. J.; Wiaderek, K. M.; 
Chapman, K. W.; Chupas, P. J.; Grey, C. P. Science 2014, 344, 6191. 
 (414) Liu, X. H.; Wang, J. W.; Huang, S.; Fan, F.; Huang, X.; Liu, Y.; 
Krylyuk, S.; Yoo, J.; Dayeh, S. A.; Davydov, A. V.; Mao, S. X.; Picraux, S. T.; 
Zhang, S.; Li, J.; Zhu, T.; Huang, J. Y. Nat. Nanotechnol. 2012, 7, 749. 
 (415) Gu, M.; Yang, H.; Perea, D. E.; Zhang, J.-G.; Zhang, S.; Wang, C. 
Nano Lett. 2014, 14, 4622. 
 (416) Zhang, L. Q.; Liu, X. H.; Liu, Y.; Huang, S.; Zhu, T.; Gui, L.; Mao, S. 
X.; Ye, Z. Z.; Wang, C. M.; Sullivan, J. P.; Huang, J. Y. ACS Nano 2011, 5, 
4800. 
 (417) Sun, Y.; Lee, H.-W.; Zheng, G.; Seh, Z. W.; Sun, J.; Li, Y.; Cui, Y. 
Nano Lett. 2016, 16, 1497. 
 (418) Zhao, J.; Lu, Z.; Wang, H.; Liu, W.; Lee, H.-W.; Yan, K.; Zhuo, D.; 
Lin, D.; Liu, N.; Cui, Y. J. Am. Chem. Soc. 2015, 137, 8372. 
 (419) Uchaker, E.; Zheng, Y. Z.; Li, S.; Candelaria, S. L.; Hu, S.; Cao, G. Z. 
J. Mater. Chem. A 2014, 2, 18208. 
 (420) Kim, J.; Park, I.; Kim, H.; Park, K.-Y.; Park, Y.-U.; Kang, K. Adv. 
 222 
Energy Mater. 2016, 6, 201502147. 
 (421) Lim, S. Y.; Kim, H.; Chung, J.; Lee, J. H.; Kim, B. G.; Choi, J.-J.; 
Chung, K. Y.; Cho, W.; Kim, S.-J.; Goddard, W. A.; Jung, Y.; Choi, J. W. 
Proc. Natl. Acad. Sci. 2014, 111, 599. 
 (422) Nose, M.; Nakayama, H.; Nobuhara, K.; Yamaguchi, H.; Nakanishi, 
S.; Iba, H. J. Power Sources 2013, 234, 175. 
 (423) Park, Y.-U.; Seo, D.-H.; Kim, B.; Hong, K.-P.; Kim, H.; Lee, S.; 
Shakoor, R. A.; Miyasaka, K.; Tarascon, J.-M.; Kang, K. Sci Rep. 2012, 2, 
704. 
 (424) Shakoor, R. A.; Seo, D.-H.; Kim, H.; Park, Y.-U.; Kim, J.; Kim, S.-W.; 
Gwon, H.; Lee, S.; Kang, K. J. Mater. Chem. 2012, 22, 20535. 
 (425) Lee, J.; Urban, A.; Li, X.; Su, D.; Hautier, G.; Ceder, G. Science 2014, 
343, 519. 
 (426) Xiong, H.; Slater, M. D.; Balasubramanian, M.; Johnson, C. S.; Rajh, 




(1) W. Tang+, X. Song+, Y. Du+, C. Peng, M. Lin, S. Xi, B. Tian, J. Zheng, Y. 
Wu, F.Pan, K. P. Loh, High-performance NaFePO4 formed by Aqueous Ion- 
exchange and its mechanism for advanced Sodium Ion Batteries, J. Mat. 
Chem. A, 2016, 4, 4882;  
(2) W. Tang+, B. Goh+, M. Y. Hu, C. Wan, B. Tian, X. Deng, C. Peng, M. 
Lin, J. Z. Hu, and K. P. Loh, In-situ Raman and Nuclear Magnetic Resonance 
Study of Trapped Lithium in the Solid Electrolyte Interface of Reduced 
Graphene Oxide, J. Phys. Chem. C, 2016, 120, 2600;  
(3) W. Tang, Y. Liu, C. Peng, M.Y. Hu, X. Deng, M. Lin, J.Z. Hu, K.P. Loh, 
Probing Lithium Germanide Phase Evolution and Structural Change in a 
Germanium-in- Carbon Nanotube Energy Storage System, J. Am. Chem. Soc., 
2015, 137, 2600;   
(4) W. Tang, C.X. Peng, C.T. Nai, J. Su, Y.P. Liu, M.V. Reddy, M. Lin, K.P. 
Loh, Ultrahigh Capacity Due to Multi-Electron Conversion Reaction in 
Reduced Graphene Oxide-Wrapped MoO2 Porous Nanobelts, Small, 2015, 11, 
2446;  
 224 
(5) W. Tang, Y. Zhu, Y. Hou, L. Liu, Y. Wu, K.P. Loh, H. Zhang, K. Zhu, 
Aqueous rechargeable lithium batteries as an energy storage system of 
superfast charging, Energy Environ. Sci., 2013, 6, 2093;  
(6) C. Su, R. Tandiana, B. Tian, A. Sengupta, W. Tang, J. Su, and K. P. Loh, 
Visible-Light Photocatalysis of Aerobic Oxidation Reactions Using 
Carbazolic Conjugated Microporous Polymers, ACS Catal., 2016, 6, 3594.  
(7) J. Chen, W. Tang, B. Tian, B. Liu, X. Zhao, Y. Liu, T. Ren, W. Liu, D. 
Geng, H. Y. Jeong, H. S. Shin, W. Zhou, K. P. Loh, Chemical Vapor 
Deposition of High-Quality Large-Sized MoS2 Crystals on Silicon Dioxide 
Substrates, Adv. Sci. 2016, 3, 1600033. 
(8) C. Su, R. Tandiana, J. Balapanuru, W. Tang, K. Pareek, C.T. Nai, T. 
Hayashi, K.P. Loh, Tandem Catalysis of Amines Using Porous Graphene 
Oxide, J. Am. Chem. Soc. 2015, 137, 685;  
(9) J. Chen, B. Liu, Y. Liu, W. Tang, C. Nai, L. Li, J. Zheng, L. Gao, Y. 
Zheng, H. Shin, H. Jeong, K.P. Loh, Chemical Vapor Deposition of 
Large-sized Hexagonal wse2 Crystals on Dielectric Substrates, Adv. Mat., 
2015, 27, 6722.  
(10) B. Peng, G. Yu, Y. Zhao, Q. Xu, G. Xing, X. Liu, D.Fu, B. Liu, J. Tan, 
W. Tang, H. Lu, J. Xie, L. Deng, T. Sum, K. P. Loh, Achieving Ultrafast Hole 
 225 
Transfer at the Monolayer MoS2 and CH3NH3PbI3 Perovskite Interface by 
Defect Engineering, ACS Nano, 2016, 10, 6383.  
(11) B. Tian, G. Ning, W. Tang,C. Peng, D. Yu, Z. Chen,Y. Xiao, C. Su, K. P. 
Loh, Polyquinon- eimines for lithium storage: more than the sum of its parts, 
Mater. Horiz. 2016, 3, 429. 
(12) K. Leng, Z. Chen, X. Zhao, W. Tang, B. Tian, C. Nai, W. Zhou, K. P. 
Loh, Phase Restructuring in Transition Metal Dichalcogenides for Highly 
Stable Energy Storage, ACS Nano, 2016, DOI: 10.1021/acsnano.6b05746. 
 
 
 
